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ABSTRACT OF THE THESIS

Modeling the reactivity of Chemical Warfare Agents on metal oxides using computational
chemistry methods

by

Celine Tesvara

Master of Science in Chemical Engineering
University of California, Los Angeles, 2021
Professor Philippe Sautet, Chair

To design efficient personal protective equipment against chemical warfare agents, there is a need
to understand the fundamental pathway of decomposition of these chemicals on solid surfaces. In
this thesis, the author investigates such pathways by employing computational chemistry methods,
namely density functional theory (DFT) in link with experimental results obtained by temperature-
programmed desorption (TPD), scanning tunneling microscopy (STM), and X-ray Photoelectron
Spectroscopy (XPS).

The thesis is divided into three parts, with the first part focused on the thermodynamic analysis of
dimethyl methyl phosphonate (DMMP), a simulant of the nerve agent Sarin, interaction on
Fe304(111) films grown on a Fe»03(0001) crystal. DFT calculations reveal that dissociative
adsorption of DMMP on Fe3z04(111) is very stable, which dissociates DMMP to surface methoxy
and methyl methylphosphonate (MMP). Collaborative result of TPD and DFT shows three
decomposition channels of DMMP: self-rearrangement of MMP to produce dimethyl ether (DME)
at 600 K, surface methoxy disproportion reaction to produce CH3OH and CH20 at 700 K, and
combustion of the remaining carbon-containing intermediates at 850 K. It was found that the
dynamic interaction between FezOs and subsurface Fe;Os films results in dimethyl ether as an
additional product, a behavior that is unique to this surface.

The second part deals with elucidating the oxidative decomposition pathways of DMMP on
pristine and defective rutile TiO2(110). Pathway searches were performed with the Nudged Elastic
Band (NEB) method. Rate constants from Transition State Theory (TST) show that the
decomposition of DMMP is slow. DMMP decomposes via O-CHs bond cleavage on the pristine
surface and P-OCHs bond cleavage on the surface with oxygen vacancy, both cleavages happening
at 600 K. Thermodynamic analyses show that P-CHs bond cleavage of DMMP on pristine and
defective surfaces are unlikely. We found that the presence of O vacancy facilitates P-OCH3z bond
cleavage, adding another possible channel for active surface methoxy species creation.

The last part investigates the decomposition of sarin on selected pathways over r-TiO2(110) to
determine if DMMP is an adequate simulant of sarin. We conclude that the chemistry of DMMP
does resemble Sarin’s well if only P-Oako and O-C bond cleavages are considered, whereas P-F
bond dissociation may show a different reactivity not seen on DMMP.
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1. Introduction

1.1. Motivation

Events such as the terrorist attack of Tokyo subway in 1995%2 and most recently the Kahn
Shaykhun attack in the Syrian civil war in 2017% have served to be alarming reminders that
chemical warfare agents (CWA) still possess a great risk even to this modern day. Both events
involve the use of a deadly nerve agent called Sarin as a weapon in public places which cause the
fatalities of 12 people (with 6200 people injured) and 89 people, respectively. The high fatality of
CWA gave rise to the Chemical Weapons Convention which prohibits countries that signed and
ratified it to produce, develop or stockpile such chemicals and their precursor.* The United States
is among the countries that ratified the Chemical Weapon Convention and has been actively
putting efforts towards disposal and decontamination of CWA.

Consequently, the handling and site decontamination of chemical warfare agents (CWA) demand
good and reliable personal protective equipment for officials and civilians.?® In addition to its
potency, CWA are known to be persistent in the environment, thus it may possess a risk that may
last for days in the case of leakage or attack. For example, a report by the CIA indicates sarin used
in Iraq to have a shelf life of a few weeks. Such a long shelf-life in public settings may pose a
continuous danger towards civilian and on-duty officers after initial exposure. To design effective
personal protective equipment, molecular understanding of the chemistry of CWA is of
importance. Effort must be prioritized towards searching materials that can absorb a large
concentration of CWA strongly and facilitate its decomposition towards safe, non-toxic products.

Metal oxides are deemed as good candidate materials to help facilitate the decomposition of CWA.
On top of their low cost of production and abundance, metal oxides form porous polycrystalline
layers that may help ‘trap’ various organic molecules.®’ Reasoning behind this is that metal oxide
is known to have a high surface area, suitable for maximum saturation on molecule adsorption.
Past studies on metal oxides such as MgO, CaO, Fe304, Al203, and TiO2, for example, demonstrate
that metal oxides are able to capture the product of CWA decomposition, particularly the class of
nerve agents.”** On the other hand, similarly built semiconductor metal oxides such as SnOz, ZnO,
CuO, InOs, and WO3 for example, have long been used as the base materials for gas sensing of
chemical warfare agents, adding to the hypothesis that metal oxides are good candidates as the
base material for personal protective equipment for personnel.}**® However, we have yet to
understand the key molecular interaction between CWA and metal oxides. Elucidating molecular
interaction between CWA and these surfaces may give us important information in designing more
efficient PPE in the future.

In this work, we are interested in bridging the gap between experimental and theoretical knowledge
on how CWA interacts with metal oxides. Due to the toxicity of the CWA, the use of computational
chemistry is convenient to help interpret experimental results. Additional experimental methods
such as temperature-programmed desorption (TPD), scanning tunneling microscopy (STM), and



x-ray photoelectron spectroscopy (XPS), obtained in collaboration, will also be employed to
further validate our results.

The following section will start with a short review of chemical warfare agents, their history, and
chemistry in nature along with the current scientific understanding of their interaction with metal
oxide.

1.2. Chemical warfare agents

Chemical warfare agents (CWA) constitute extremely hazardous chemical compounds that are
used to inflict mass destruction towards their victims. The use of CWA was first identified in
World War I, where Germany employed chlorine as a weapon to subdue their enemies.!’ Since
then, large-scale researches to invent more effective and lethal chemicals for large-scale
production has been performed to fulfill the demand of war. While the use and thus the threats of
CWA were mainly confined within the military during the World War | and 1l era, current rising
events such as terrorism bring the concern of such threats towards civilians as well.

Chemical warfare agents are commonly classified depending on the target organs being damaged.
Several established classes are:!®

e Nerve Agents: work by disrupting the nerve signals, causing malfunction of organs and
muscles.

e Vesicant/Blistering agents: targets the skin of the victims, causing high-level burn
degrees/injuries.

e Cyanogenic agents: disrupt blood’s energy utilization.

e Pulmonary agents: damage respiratory system (often referred to as the ‘choke agents’)

e Tear gases: (disruption of visual)

e Psychomimetic agents: hallucinogens and cytotoxins which cause an impaired sense of
sight and hearing.1%%

Amongst all agents, nerve agents are considered to be the most deadly and persistent amongst
agents. Therefore, we propose to put nerve agent as the focus of this study.

1.2.1. Nerve agents: History and Mechanism

Nerve agents belong to a class of organophosphates that disrupt the release of neurotransmitters to
the brain if inhaled, causing fatal muscle and organ spasms and eventually, total shutdown of the
body of the inhaler. Nerve agents found their most prevalent use in WWII. However, it was not
utilized again until the Irag invasion of Iran in 1981 which causes almost 100,000 Iranian
casualties. In 1995 Iraq admitted to the use of Nerve Agents in the war.?! In the same year, The
United States agreed and signed the Chemical Weapon Convention which states that all nations
must report their possession of chemical weapons and promptly destroy all their remaining
stockpiles.?%



History

The first class of nerve agents called the G-series (G stands for Germany) was initially discovered
as an attempt to find superior pesticides. The first of its kind, Tabun, was discovered by Dr.
Gerhard Schrader.?* Upon a leak incident, Dr. Schrader realized that tabun has the ability to induce
nerve poisoning within minutes. Due to a part of the Nazi decree in 1935 which requires all
possible discoveries beneficial to the military to be reported, Dr. Schrader was invited due to the
interesting tabun sample that he had sent. In 1939, a plant at Munster-Lager to produce tabun was
established with a capacity of 10,000 tons. As a result of WWII demand, in 1942, the facility was
able to produce 30,000 tons of tabun per year. This marks the first mass production of Germany’s
first nerve agent.?® Future inventions of nerve agents would put this agent into two major classes,
the G-series and V-series.

G-series

Following the success of Tabun, Schrader synthesized a more lethal sister of tabun, named Sarin.
Sarin itself was an acronym of the scientist who took a great role in developing it: Schrader,
Ambrose, Rudringer, and van der L”in”de. The last of the series, Soman, was synthesized by Dr.
Richard Kuhn. Upon the capturing of the production facilities, enemies found the codenames of
Tabun, Sarin, and Soman listed as GA, GB, and GD respectively. On an interesting note, GC was
deliberately skipped as it represents the medical code for gonorrhea. GA, GB, GD, and later GF
(cyclosarin) were the result of weapon research led by Dr. Schrader. These 4 chemicals complete
the G-series and its naming is still used as official codenames by NATO.

Chemical structure-wise, all the chemicals in the G-series are organophosphorus compounds
exhibiting the O=P(ORY)R?R® formula. The latter developed G-series compounds after tabun
(GA), namely soman (GB), sarin (GD), and cyclosarin (GF), resemble each other the most with
one of the OR substituents being fluorine, and the other being a type of alkoxy group. The
difference between soman, sarin, and cyclosarin lies only in their OR group, with soman
substituted with 3-3-dimethyl-2butoxy (O-C6H10), sarin with an isopropoxy (O-iPr) group, and
cyclosarin with cyclohexoxy. In the case of Tabun, aside from the P=0 bond, the central phosphor
is interacting with dimethylamine, propyne, and ethoxy. G-series compounds are colorless and
odorless liquid, though there are reports suggesting tabun having a fruity smell.?
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The second series developed in 1952 after the G-series is called V-series (V stands for
“Venomous’).*82” The first of the series, VX was discovered accidentally by a British chemist Dr.
Ranajit Ghosh while he was trying to develop an effective pesticide to replace DDT.?¢2 However,
since England already had its hand full of the production of the G-series agent, England decided
to pass down the formula to the United States. In 1960, the US completes its first mass-production
plant of VX in Newport, Indiana. However, the lethality of VX impacted not only the enemies but
also US soldiers. In 1968, VX leaked from a military spray tank in Utah, subsequently injured
herds and animals in the area. The looming leakage threat forces President Richard Nixon to pass
a mandate forcing the stoppage of all chemical weapon production and testing. 2° The formula that
the British passed down to the US somehow leaked during the war and the Soviets were able to
concoct their version of VX, namely VR-55 (V’R’ for Russia). There is little historical information
for the rest of the V-series agents namely VE, VG, VM, and VS.%

Similar to G-series, the V-series agents are colorless and odorless liquids. The chemical formula
of all agents in the V-series are similar, with all compounds following O=P(R1)(O-R2)(S-C2H4-
X). Complete branch variations between the V-series are listed in table x, taken from the
Encyclopedia of Toxicology by Moyer et.al.



X R, R,
VE —N(C2Hs)2 —CoHs —CoHs
VG —N(CaHs)2 —0CzHs —CoH5
VM —N(C2Hs)2 —CHs —(2Hs
VR —N(CsHs)o —CH3 —~CHyCH(CHs)z
Vs —N(CH(CHs)z)2 —(oHs —(oHs

Figure 2 Base chemical structure of V-series agents and list of all alkyl groups contained
within each species of V-series agents.

Mechanism of Action

A person inflicted with nerve agents would show signs of nerve system failure within minutes.
According to CDC, initial physical symptoms such as miosis (excessive constriction of the pupil),
headache, convulsions, restlessness, fainting, and coma. Simultaneously one might experience
nausea, abdominal pain, shortness of breath, profuse sweating, and tears. Finally, the muscle will
weaken (often with small contractions under the skin) before finally progressing to paralysis. A
paralyzed victim is in danger as their organs and cardiovascular function are malfunctioning,
causing unpredictable or decreasing heart rate, effectively cutting all lifeline for organs.

The potency of nerve agents relates to the central atom of its molecular structure, phosphor, which
specifically takes the form of phosphonates, where the central phosphor is bonded to two alkoxy
groups (O-R) an alkyl/halogen group (R, or halogens) and an oxygen (=0). are known to undergo
irreversible reactions with acetylcholinesterase (AChE), an enzyme in the human’s nervous system
that is responsible to transmit neurotransmitters via catalytic reactions with acetylcholine.
Acetylcholine is an ester of acetic acid and choline that acts as signals messenger between muscles
and brains in many living organisms. Phosphonates readily react with AChE and inhibit its
acetylcholine receptor sites via phosphorylation which causes a build-up of acetylcholine in the
nervous system. Such build-up of acetylcholine may overstimulate the muscle (involuntary jolting
and breakdown), followed by paralysis of muscle, including muscles that are responsible for
maintaining organ functions.!8:30:31
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Figure 3 Acetylcholine chemical structure
1.2.2. Sarin and its simulant
Sarin and its simulant DMMP

Sarin is a highly toxic organophosphorus gas and is a member of the nerve agent family namely
the series-G (GB). Itis an odorless, tasteless and colorless liquid, rendering it the perfect chemical
weapon to catch the enemy off guard.® Victims who inhale Sarin might face death between one
to ten minutes of inhalation.®® The lethal concentration of Sarin in the air was found between 28-
35 mg/m?, which is very small considering human lungs exchange 15 L of air in only one minute.
In comparison to chlorine and cyanide, sarin is found to be 543 and 26 times more lethal. With
vapor pressure and volatility of 2.1 mmHg and 22000 mg/m?, respectively, at 20°C, Sarin is the
most volatile nerve agents, making it most lethal due to the ease of inhalation.?’

Sarin's chemical formula is C4H10FO2P, or O=PF(OC3H7)(CHsa). In this case, the central phosphor
is bound tetrahedrally to 4 groups: double-bonded to an oxygen atom, fluorine, a methyl, and an
isopropoxide (O-i-Pr) group (fig. 4). Due to the safety risk of Sarin, experimental studies more
often than not substitute sarin with a simulant, namely dimethyl methylphosphonate (DMMP).”34-
%  DMMP chemical structure is C3HgOsP. Structurally akin to sarin, DMMP is an
organophosphorus compound with O=P(OR)2R chemical structure. However, in analogous to the
fluorine and isopropoxide of sarin, the phosphor center of DMMP is instead bonded with two
methoxys (-OCHzs). The absence of fluorine in DMMP is deemed to be the reason why DMMP is
non-toxic in comparison to sarin. DMMP itself is usually used as a flame retardant or precursor
for other phosphonates. 3’3
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Figure 4 Similarities between the nerve agent Sarin (top) and its simulant dimethyl
methylphosphonate (DMMP, bottom).

The similarity of organic groups presents between sarin and DMMP base the argument that this
simulant should display similar chemistry, though the chemical pathways might not be fully
identical. Particularly in the case of DMMP/Sarin, the absence of F on DMMP may not depict the
decomposition pathway that Sarin undergoes as halogen groups are generally more sensitive
towards certain reaction pathways. In this thesis, we will investigate whether DMMP exhibits
similar chemistry as Sarin for thermal decomposition on an oxide surface.

1.2.3. Sarin chemistry in the environment

When Sarin is exposed to air, it is thus exposed to different gasses such as H>O, O, and other
contaminants. The decomposition of sarin may depend accordingly via these interactions between
gasses persisting in air. Liquid sarin is miscible with water, with the addition of the presence of a
fluoride group (-F) sarin may be subject to immediate basic and acidic hydrolysis. The hydrolysis
half-life of Sarin at 20°C and PH of 7 was found to be 8.5 hrs.?"*® Past investigations showed that
hydrolysis is always initiated via the P-F bond cleavage to create fluoride acid and isopropyl
methyl phosphonic acid (IMPA)*%4!, although the Kinetics depends on several parameters such as
temperature, PH, and humidity. Another hydrolysis pathway less commonly found includes the
loss of isopropanol, producing methyl phosphonic acid (MPA) instead. Table 1 lists all possible
Sarin hydrolysis products, taken from the work of Munro, Small, and Rosenblatt.*>#* A review by
Munro et. al. suggests that alkaline hydrolysis leads to sarin preferring the loss of isopropanol
during hydrolysis.*> On the other hand, Rosenblatt et. al suggest that acidic hydrolysis is more



advantageous as it leads to a shorter half-life of sarin. At 20°C, Rosenblatt found that the half-life
of sarin may reach 461 hours at PH of 6.5, in comparison to only 46 hours at PH of 7.5.44%°

Fate in water

10~ 7atm

m3mol '

observed. Interestingly, a work by Demek and Epstein found that the presence of ions such as
hypochlorite in water speeds up the hydrolysis of sarin.*®

no volatilization from water is

Due to Sarin having a very low Henry’s constant of 5.4 X

Following research on metal, cations suggest that sarin hydrolysis may be accelerated.?® This is
corroborated by the same study by Rosenblatt on the effect of pH that suggests that ions in
solutions accelerate the hydrolysis of Sarin.

Fate of products

All Sarin hydrolysis products are non-toxic and highly stable. With vapor pressure of 0.0034
mmHg for IMPA, there is a negligible chance of the decomposition products contaminating the
air at atmospheric pressure. Additionally, IMPA has a half-life of 1900 years at room temperature
and pressure. IMPA is also resistant to bacterial degradation, rendering it inactive and non-toxic
species safe for the environment. 44447

Table 1 Selected list of sarin Hydrolysis products and their sources. Data are curated from
Munro et. al.*?

Name of Products Formula Source

Isopropyl methyl phosphonic acid (IMPA) | C4H11PO3 Hydrolysis of Sarin
Methylphosphonic acid (MPA) CHsPOs3 Hydrolysis of Sarin
Diisopropyl methylphosphonate (DIMP) C7H17PO3 Impurity
Diisopropyl Carbodiimide (DIPC) C7HuaN: Stabilizer

1.3. Metal Oxides

Metal oxides have recently been gaining quite an interest due to their morphology, electronic, and
optical properties for catalysis application. Most metal oxides are low-cost, abundant, and easy to
produce materials, in addition to exhibiting Lewis acid-base behavior which could be useful to
bind oxygen-containing molecules. Additionally, metal oxide exhibits porous morphologies
presenting a large surface area needed to trap the maximum concentration of CWA. As such, metal
oxides such as TiO,, SnO2, GaO2, and even WO3 have been used as gas sensing materials for
hazardous gasses such as CO and other larger organic molecules.5 74849

This chapter will focus on a brief review of the current work relating to CWA and metal oxide.
Then we will present the metal oxides studied in this work, iron oxide (FezOa) and titanium oxide
(r-TiO2). The review will include the morphologies, magnetic properties, and different
terminations available for each system.



1.3.1. Interaction of CWA and metal oxides

As experimentalists often exchange Sarin to its non-toxic simulant, dimethyl methyl ether
(DMMP) the following review will put more emphasis on studies on DMMP.

Adsorption modes

Previous experimental studies on DMMP chemistry on metal oxide suggest that adsorption of
DMMP is stable and molecular desorption is commonly found up to room temperature.
Temperature programmed desorption (TPD) and XPS spectra on DMMP adsorption on CeOg,
CuO, CuO2, Mo0Os, and TiO, show that adsorption occurs via the interaction between the oxo
oxygen and surface metal cation (P=0-M).50-51.60.6152-59 Experimental work on metal oxides often
used as semiconductor gate stack or gas sensings such as Al2Os, MgO, La03, SiO,, and Fe20s
dosed with DMMP analyzed with IR spectroscopy also showed that the adsorption of DMMP does
proceed via P=0-M bond.1>62-64

Decomposition channel

The decomposition of DMMP in UHV conditions has been studied extensively. Thermal
decomposition may happen via the P-OCHs or O-CH3 bond cleavage, depending on the metal
oxide substrate. Mitchell et. al. performed an infrared study on DMMP adsorption and
decomposition on aluminum, lanthanum, magnesium, and iron oxide (Fe.Oz). Mitchell discovers
that DMMP decomposition follows the cleavage of both DMMP’s P-OCHz3 bond, subsequently
transferring two methoxys to the surface on the oxides of Al, Mg, and La. Judging from the
resulting methanol and formaldehyde products, it was concluded that these products result from
the reaction between surface methoxy groups. Interestingly, IR does not seem to see any changes
in the P-CHs bond. On Fe;O3 however, decomposition is more complete; almost all C containing
species have been eliminated from P.%2 Another study on Al,O3 by Weinberg et. al shows a similar
result as the IR study by Mitchell on aluminum oxides with DMMP decomposition initiated with
P-OCHzs bond cleavage, forming a methyl methylphosphonate (MMP) at 295 to 473 K. Above 573
K, MMP loses another methoxy to form tridentate phosphonate species.®®> Common thermal
decomposition products include methanol, formaldehyde, carbon dioxide, and carbon monoxide.

On reduced oxide, such as ceria, TPD, XPS, and IRAS study by Chen et. al. on DMMP chemistry
showed that P-OCHjs cleavage happens at around 300-500 K, though product formation (methanol
and formaldehyde) was not observed until 575 K. The result indicates that methoxy groups are the
reactive intermediates on the surface. P-CHz bonds are still intact up to 700 K. Though the reaction
cycle can be performed multiple times, signs of poisoning appear until the sorbent is completely
dead after the third cycle.*

Role of Lewis acid and surface defects

There are indications that Lewis acidity is the determining factor in deciding the stability of
chemisorbed DMMP, for example, in the case of M003.5%86-5% A combination of experimental and



computational work by Head et. al. on oxygen terminated MoOs (010), using APXPS (Ambient
Pressure X-ray Photoelectron Spectroscopy) and DFT, studied the interaction between DMMP and
the surface with several types of defects including oxygen vacancies, hydroxyl group, and
hydration effects. Since the surface is oxygen terminated, there is a lack of available Lewis acid
sites that can create a strong interaction with DMMP. However, the creation of defects such as
oxygen vacancy or hydroxyl may help attract the phosphoryl oxygen of DMMP, creating a weak
interaction with the surface. Subsequent decomposition is difficult without the availability of
surface hydroxyls. Head et. al. conclude that the accessibility of Lewis acid is crucial as a similar
test with CuO(111) containing readily available Lewis acid site shows a strong and reactive
decomposition of DMMP immediately upon exposure at room temperature. "

Additionally, it has been repeatedly found that DMMP forms good interaction with surface
hydroxyl as well. This has been the case for TiO2, as we will explain in section 1.3.2, anatase
exposed to water may form P=0...H interaction with gas-phase DMMP.

Exceptions

Interestingly, various oxides can have distinct reactivity. For example, a Temperature Programmed
Desorption (TPD) and Auger Electron Spectroscopy (AES) study of DMMP interaction with SiO>
indicate no DMMP decomposition other than multilayer adsorption below 295 K. Only 10%
decomposition was observed on hydrated SiO2, which yields CH3O and methylphosphonate
surface species, indicating prior P-O bond cleavage.®” Within the same work, it was found that the
decomposition of a-Fe»O3 occurs via oxidation of P-CHs bond by lattice oxygen. The remaining
phosphor containing product migrates towards the bulk to open active sites for the next reaction
cycle. This is different from the case of Ti and Ce where the active sites are quickly poisoned by
the remaining phosphor products.

Chosen metal oxides for our study: FesO4 and TiO-

Current studies of DMMP decomposition on various metal oxides indicate that the chemistry may
differ, depending on the surface oxide. There is a need for theoretical calculations to shed light on
the elementary decomposition pathway of DMMP, while simultaneously explaining the effects of
surface properties towards the reactivity of chemisorbed DMMP.

From the literature review, few key factors keep arising in determining the strength of the
interaction between CWA and metal oxides, namely: (A) the accessibility of surface Lewis acid,
(B) the presence of defects such as oxygen vacancies and hydroxyls, (C) the availability of Lewis
basic oxygen. It seems that the availability of Lewis acid sites is key to have a strong interaction
with DMMP and/or sarin. Factor B is an interesting sector to cover, as each metal oxide exhibits
different defects. For example, point defects are very much uncommon on reducible oxides such
as TiO2 or CeOs. Lastly, it is an interesting point to see the effect of surface oxygen (Lewis base)
towards DMMP dissociation.
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To address these questions, we have decided to focus on two types of metal oxide surfaces:
Fe304(111) and TiO2(110). The reasoning being is that both metal oxide terminations exhibit
exposed surface Lewis acid metal cation and Lewis basic oxygen and have large surface areas
which may help facilitate adsorption and subsequent decomposition of DMMP and sarin.

1.3.2. lIron oxide: Fes04(111)

Iron oxide is arguably one of the most abundant materials on earth as it forms naturally within the
earth’s crust. This abundance, coupled with low toxicity, stability, and cheap production cost has
made iron oxide a commonly used material for biomedical application (materials for MRI scan)t
73, the catalyst for Fischer-tropsch’*™ or dehydrogenation reactions’® ", or even support for
nanoparticles. Several works have evidence of iron oxide helping the reaction through its
interaction with the supported nanoparticle 823

Iron oxide can exist in different phases, the main three being wiistite (Fe;_, 0), magnetite (Fe;0,),
and hematite (a-Fe,03). In all phases, the oxygen ion is forming the close-packed lattice, with Fe
cation occupying the tetrahedral and octahedral empty spaces. In reducing conditions, iron oxide
adopts the wstite phase, in the oxidizing condition the hematite phase, and magnetite is flexible
somewhere in between the reducing and oxidizing condition. Table 2 summarizes the selected
properties of iron oxide.34

Table 2 Selected properties of Iron Oxide bulk phases.®*

Iron oxide Waiistite (Fe1-xO) Magnetite (Fe3Oa) Hematite (0-Fe203)
Metal cation Fe Fe?* and Fe3* Fed*

Structure type Defect rock salt Inverse spinel Corundum

Space Group Fm3m Fd3m R3c

Anion Structure FCC FCC HCP

Lattice parameter a=0.430-0.428 nm a=0.8936 nm a=0.504, b=1.375
Magnetism Antiferro Ferri Weak Ferro/Ferri

Because magnetite (Fe30,) is a commonly used material to adsorb and remove organophosphate
pollutants and pesticides, along with its interesting possible terminations that possess the lewis
acid required to attract phosphonates, this review will be focused on magnetite.

Bulk structure of Fe3O4

Magnetite bulk adopts the inverse spinel structure. Spinel structures have the AB20Os formula,
where usually A%" metal cation adopts the tetrahedral sites, and the B** metal cation sits on the
octahedral sites. However, in the case of FesOa, the Fe?* (A) metal cation greatly stabilize the
system, and thus the Fe?* metal cation sits on the octahedral sites as well, forcing half of Fe3* to
occupy the tetrahedral site and making the chemical formula adopt the Fe3tFe2f Fe33t.0,. This
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configuration is commonly known as the Inverse spinel structure. Each unit cell of bulk Fez04
contains 24 Fe and 32 O atoms, which brings it to 8 Fe’.t, 8 Fe2},, 8 Fe2}, cations per unit cell.

Spinel structure: /B,0,

Octahedral Fe(B)?*/**
0% (FCC sublattice)

Tetrahedral

Figure 5 Bulk structure of FezOs. Fe30O4 possesses the inverse spinel structure.
Magnetism

Fe30q4 is a ferrimagnetic material stemming from the difference of magnetic moment between the
cations occupying the octahedral and tetrahedral sites. The cation that occupies tetrahedral and
octahedral sites have a different magnetic moment between each other. Following the
FeliFe2}Fe33t.0, formulation, Fel}Fe33/, cation residing in the octahedral site have exact
1:1 ration and thus their magnetic moment cancels each other out. The total magnetic moment of
FesO4 stems from the Fe?2Z, cation.®

The magnetic moment of Fe?2Z, can be trailed back to its d orbitals occupation using crystal field
theory. Figure 6 shows the d-orbitals splitting diagram of FeZ2/,. There is an exchange split causing
an energy difference of 3.5 eV between orbitals that are occupied by spin up and spin down
electrons. Since the Fe in question occupies the octahedral site, the tog orbitals are more stable by
2 eV in energy, compared to the eg orbitals. Valence Fe atom had 8 electrons in d-orbital, which
makes Fe?2/; to have 6 electrons ready to occupy both tog and eg orbitals. 5 out of 6 electrons occupy
the more stable spin up tzg and ey orbitals, with one electron in each orbital. The last electron
occupies the spin-down tyg orbital, hence canceling one electron on the spin-up moment. Looking
at the diagram, one can predict that the total magnetic moment amount to 4ug. This agrees well
with the experimental measurement of total magnetic moment at 4.07u5.%

The unique magnetic properties of FesOa in which the octahedral sites consist of both by Fe2}
and Fe3}, equally to result in FeZ5" like behavior may cause some problems in DFT and incorrect
prediction of properties. DFT+U method is often employed to correct this charge order. Hubbard
U correction around 4 eV is deemed to be suitable to separate and distinguish the two Fe,, cations.
The U effective correction value is parameterized to selected properties such as bandgap and phase
transition temperatures.&486-%0
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Figure 6 Crystal Field Theory Diagram of Fe?* at octahedral sites. The image has been
reproduced from Parkinson et. al.?

Surfaces: Fe304(111)

In nature, Fe3O4 crystal often exists in (111) facets. Synthetic FezO4 thin films grown on many
different metals including Pt and Au have been shown to prefer the 111 direction during
growth.”®%1-% Nowadays most Fes0(111) films could also be grown a-Fe,O3(0001) single
crystals in UHV conditions.?® LEED experiments on thin films FesO4 shows that the (111) facet is
favored as well.®>** DFT calculations, however, predict that the most stable surface facet is the
(100) facet, followed by the (111) and the (110) facets.23%%% Due to Fe304(111) being able to
retain its magnetic properties from the bulk, the (111) facet is often being the customary choice
material for CWA gas sensing.’6:%’

The Fes04(111) surface is unique as it has 6 different possible terminations from 3 possible atoms
of different coordination: oxygen (O), tetrahedral Fe (Fett), and octahedral Fe (Feoct), €ach denoted
with 1 and 2 annotation due to symmetry placements. The 6 termination planes, named in the order
are Fetet1, O1, Feoct1, Oz, Feter2, Feoct2, Feret1, O1, and repeating (figure 7).

Amongst the 6 possible terminations, ab initio thermodynamics and DFT studies have previously
been performed to determine the most stable terminations.8%-1% |t was found from combinations
of LEED experiments and DFT that the most stable termination across a huge span of oxygen
chemical potentials belongs to the Feet: termination in UHV condition. Figure 8 showcase the
stability diagram of the 6 different terminations, calculated with the DFT+U method.®
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Figure 8 Stability diagram of Fez04(111) surface comparing the 6 different termination
modes. Surfaces with defects (dashed line) are also considered here. Image is taken from Noh
et.al.1%

FesO4 with DMMP

While there have been few works on Fe,Oj3 to study its interaction with DMMP,%6:5"63 works on
Fes04 are rare. Due to the magnetic properties that FesO4 possesses, there has been effort to create
a bio-assay capable to detect exposure of chemical warfare agents to potential victims.*?1%2 |_jang
et. al. manages to prepare FesO4 magnetic nanoparticles (MNP) which are capable to sense sarin
down to 1 nM sensitivity. Other works have been focused on sensing applications by supporting
FesO4 with metal-organic frameworks such as UiO-66-NH..1931%4 However, a detailed account of
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the interaction and decomposition of DMMP and/or sarin on FezOa is still an open research
question in which the author will attempt to answer.

1.3.3. Titanium dioxide: TiO2(110)

Titanium dioxide (or often called titania) is a material most households known for its use as a white
pigment. However, in the scientific field, titania’s applications span wide from the world of
heterogeneous catalysis (biodiesel production®), photocatalysis (water splitting%-112,
solar/photovoltaic cells'*1®, CO, reduction’®!'"), to gas sensing® and support for active
nanoparticles'®-124, Additionally, recent works have put effort into using titania assisted with UV-
light for the degradation of organic molecules.!?>12°

Bulk TiO2

Titania exists in three crystalline phases: brookite, anatase, and rutile. In general, rutile is the more
stable phase in ambient conditions. Anatase and brookite are metastable states, as both can
transform irreversibly to rutile at high temperature and pressure. The characteristically high surface
area for this metal oxide helps increase its reflectiveness which gives off its white colors. 3013
Table 3 summarizes key geometric parameters between anatase, rutile, and brookite. Rutile and
anatase are the only phases that have been heavily studied and used for industrial applications.

Table 3 Selected bulk parameter of TiO2 polymorphs.

Phase Rutile Anatase Brookite

Crystal structure Tetragonal Tetragonal Rhobohedrical

Space Group P4/mnm 14/amd Pbca

Lattice parameter [A] | a=b=4.58 ¢=2.95 a=b=3.78 ¢=9.50 a=5.44 b=9.17 ¢=5.14

The geometric differences between anatase and rutile are not very stark. Both phases possess
tetragonal unit cells. An easy way to visualize TiO: is to see the crystal as a set of repeating TiOe
octahedra. One key yet subtle difference between rutile and anatase is the way TiOe octahedra is
sharing edges. Anatase’s TiOe is line edges with other TiOg, whereas TiOs octahedra in rutile only
share point edges. Due to the edge-sharing, the transformation from rutile to anatase requires bond
breaking in the process (fig. 9). Ti** in anatase sharing edges with 4 other TiO6 gives rise to a
slight bent on its equatorial bond in comparison to rutile where all its equatorial bonds are in one
plane. 132138
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Figure 9 Unit cell representation of anatase (a, ¢) and rutile (b, d).1%
Magnetism

TiO2 is known to be diamagnetic, meaning that it possesses no magnetic moment. This can be
explained by the valence of Ti** cation in bulk TiO,. Ti has a valence electron of [Ar] 3d2 4s2;
thus, the creation of Ti** brings the Ti valence to be fully octet. Unlike FesO4, there is no partial
occupancy in the d orbitals, and thus TiO> does not have any net magnetic moments. However, in
the case of small nanoparticles or thin films, experimental measurements can find net magnetic
moment up to 7.2 ug /nm? as a side effect of bulk termination.!3*

r-TiO2(110) surface

The most stable surface of rutile TiO> is the (110) facet.™*® The (110) direction in the rutile bulk
shows TiOs octahedra stacked vertically and horizontally, in an alternating manner (Fig. 9). There
are few ways to terminate the bulk in this direction, though only one termination fully compensates
the charges on the surface (see figure 9, dashed lines A and B).%3® This termination has been time
and time again observed in many experimental works.*¥’

Upon surface cut, 4 different atoms can be identified, denoted by their coordination numbers: Tisc,
Tisc, Oz, and O3c (see figure 10). On the topmost layer both Tisc and Ozc form alternating rows
along [001]. The Tisc rows are sandwiched between two Osc rows, whereas the Tisc rows are
located beneath Oxc rows (Ozc rows are often called bridging oxygen rows as well).
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Figure 10 (Left), the Bulk structure of Rutile showcasing the octahedra packing. (Right)
Stable termination of r-TiO> (110). Indicate atom colors.

Experimental results corroborate the proposed termination plane of r-TiO2(110). STM work using
bias voltage up to 2 V to probe the occupied states shows clear bright protrusion hypothesized to
be the Oz rows.*8141 DFT calculations have been employed to verify this hypothesis. An STM
image simulation from our DFT results, and for a bias voltage addressing occupied state, shows
bright rows on Oz rows, Tisc rows are depicted as dark rows, signaling an unoccupied state on the
surface.

W
A\

Bias voltage used: 1.8 eV. Height of the tip is set to 3 A
above O2c.

Figure 11 r-TiO2(110) surface with the assignment of the atom types (A). Experimental STM
images obtained from Sanchez et. al.}*® Bright protrusions correspond to O2c rows (B).
Simulated STM images using PBE+U, U=4.2 eV (C).
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It is known that the r-TiO2(110) surface exhibits defects in UHV conditions.?3¢142-150 Most
common and interesting defect pertains to the oxygen vacancies on the bridging oxygen rows. The
concentration of these defects is small yet significant; in the range of 9-15% of the
surface. 120138151152 particularly oxygen vacancy has been found to be the active sites for reactions
such as oxygen and water dissociation, including CO oxidations.!"153-155 As we have seen earlier,
there are two types of oxygen atoms that are exposed on the r-TiO2(110) surface, namely the Oz
and Osc. It is thermodynamically more favorable to create vacancies in Oz rows.®*1%8 These
vacancies can also be healed by dosing the sample either with O or H20, leaving an extra oxygen
adatom on Tisc or a hydroxylated surface.®-1%1 These point defects may have an interesting
reactivity towards the chemical warfare agents’ decomposition.

DMMP and TiO2

Most work studying the interaction between CWA and TiO2 is done on commercial TiO2 powder
(Degussa P25). Work on TiO> Degussa powders containing hydroxyls (30% rutile and 70%
anatase) by Yates et. al. using FTIR shows interesting conclusions, with DMMP adsorbing via
P=0O group and interaction with surface hydroxyl; this interaction has been previously postulated
in the literature.103°49162 yates observed P-OCHs; bond cleavage at 214 K, accompanied by the
loss of hydroxyl on the surface.X® This agrees with IR studies by Tripp et.al and Panayotov et.al.
on the Degussa sample, which showed that DMMP interaction between P=0 and surface hydroxyl
prompts the creation of methanol. An increase in temperature removes these surface hydroxyls
and prompts the formation of covalently bonded and dissociated DMMP on the surface. Both
works observe poisoning surface by methyl phosphate like product and saw no changes in the P-
CHj3 bond up to temperatures above 750 K.4%163

Further FTIR studies by Panayotov on the decomposition of DMMP on Degussa powder showed
clear Ti-OCHjs production on the surface via nucleophilic attack of surface oxygen. Several POx
species are observed, responsible for surface poisoning from 200-400K. At higher temperatures,
lattice oxygen activation was observed to create more Ti-OCHjs species. These studies indicate that
lattice oxygen is key to the chemistry of DMMP on TiOz and that anatase and rutile may possess
different reactivity towards DMMP decomposition.'®* It has been agreed that many metal oxides
including powder TiO. do not activate the P-CHs bond until very high temperature above 800
K 1049545985 Thoygh there are exceptions such as Fe,Os and CeO2 which found to be able to
activate the P-C bond at lower temperatures below 400 K>+

Zhou et. al. studied DMMP decomposition on rutile TiO2(110) in UHV condition using XPS and
TPD. Their results indicate that the adsorption occurs primarily via the dative bond between the
P=0 group and Tisc. Molecular DMMP desorption occurs up to 550K. Zhou saw little to no
evidence of P-O bond cleavage, and further suggest that initial P-C bond cleavage is facile instead.
The creation of methoxy initiated by hydroxyl is also not observed. Primary decomposition results
consist of methane and hydrogen, with phosphorus species staying on the surface even with heating
up to 1000K.16°
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Past ab initio studies on the interaction between DMMP and titania are mostly cluster calculations.
Bermudez et. al.*% and Yang et. al.,*8"1%8 performed cluster calculations on DMMP interaction
with dry and hydrated r-TiO2(110) clusters. On dry surfaces, adsorption was found to be very weak
in the range of -0.74 to -1.06 eV. Most stable adsorption occurs via P=0 moiety with surface Tisc.
They collectively agree that adsorption of DMMP on the hydroxylated surface is less stable than
those on a dry surface. The adsorption conformation proposed by cluster studies agrees with a
DFT-based theoretical study by Quintero et. al.>* (without Hubbard correction). PBE+D2 predicts
molecular adsorption energy of -2.2 eV for DMMP and -1.9 eV for sarin on rutile TiO2(110).
Additionally, Quintero found that the most stable dissociative adsorption is via the O-CHz bond
cleavage, transferring a methyl to the surface oxygen. In all theoretical studies mentioned here,
there is a consensus that the O-CHs bond is the most probable first decomposition step
thermodynamically. A different work on anatase (001) and (100), cluster calculations show that
while molecular adsorption is possible on both dry and hydroxylated surface, dissociative
adsorption can only occur on surface with hydroxyls.*®® However, these studies did not perform
full decomposition pathway and did not gave insights towards kinetics in each decomposition step,
rather, the studies dwell on possible adsorption modes only.
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2. Methods and Theoretical backgrounds: Density Functional Theory (DFT)
This chapter provides a brief review of key methods and theorems used within the Density
Functional Theory.

2.1. From the Schroedinger equation to DFT
Schrodinger equation and Born-Oppenheimer approximation

Every property of every material (atom) imaginable in the world can be defined by the so-called
wavefunction, which depends on the coordinates of electrons in three directions and one spin
W(ry, 1,13, 5). The wavefunction contains all the information about a system, and due to
wavefunction being an eigenfunction, the way to extract such information/parameter is via
applying the correct operator. Schrodinger equation applies the energy operator, namely a
Hamiltonian (H) to the wavefunction to extract the total energy of the system. The non-relativistic
Schrodinger equation comes in the form of eq (2-1).

HY = EVY (2-1)
Prior to building the Hamiltonian, it is worth noting that one can simplify the Hamiltonian by using
the so-called Born-Oppenheimer approximation. In comparison to a nucleus, the electron mass
is 1800 times smaller. This mass difference makes the movement of nuclei much slower than that
of electrons. Hence, by assuming that the nuclei are static in space, we can simplify the
Hamiltonian to be an energy operator that contains only the energy terms associated with the
electrons and their interactions. The Hamiltonian therefore can be written into the terms below (eq.

2-3):
- Zme Z VZ z |rl + z | (2-2)

H=Te+ Ve + Ven (2-3)
The terms starting on the left, in order are, the electron’s kinetic energy contribution, potential
energy coming from the interaction between electrons, potential energy from the interaction
between nuclei and electrons, and lastly the external potential energy coming from the interaction
between nuclei the system. One term, which is the electron-electron interaction is a problematic
term to calculate since it depends on the coordinates of two electrons.

One way to simplify this issue is to use the Mean Field Theorem, or commonly known as the
Hartree product rule, where the wavefunction can be approximated as a product of non-
interacting individual wavefunction (eq. 2-4). The idea is that, instead of each electron correlating
with each and all electrons at the same time, one can model the many-electron wavefunction in
terms of one electron ‘sensing’ the average collective potential from the other electrons in the
system.
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The electronic density of the system is an observable that can be derived from the wavefunction
itself, which equal to the probability of the electrons occupying that space wavefunction (eg. 2-6,
multiplied by 2 to account for spin).

n(r) =2 Z Wi (r)¥;(r) (2-6)

Calculating the electron density reduces the initial 4N dimensions of the wavefunction to only 3
variables. Thus, the effort to solve the many-body Schrédinger equation was pushed towards using
the density variable instead, marking the start of DFT.

DFT: Hohenberg and Kohn | and Il

DFT is built upon two theorems by Hohenberg and Kohn. The first one states that the ground state
energy of the system is a unique functional of the electron density.

Eground state = E[n(m)] (2-7)
The second Hohenberg and Kohn theory states that the electron density that minimizes the ground
state energy is the correct electron density.

E[ntrial] = Eground state (2'8)
The two Hohenberg and Kohn theorem combined is significant as it implies that the density is the
only required variable to explain the ground state energy, which may override the Hamiltonian.
However, one problem exists. Despite the rigorous prove, Hohenberg and Kohn specify that the
true energy functional is unknown.

In 1965 Kohn & Sham devised an approach to help approximate the optimal density by using the
one-electron wavefunction approximation as a basis to build the energy functional. Kohn and
Sham suggest building the energy functional by using a ‘fictitious’ system built from non-
interacting electrons (2-10). This fictitious system would have the same ground-state density as
the real system of interacting electrons and subsequently. The energy functional can be written in
terms of

E[n] = Te[n] + Vy[n] 4 Vexe[n] + Exclnl (2-9)
hZ
_ﬂvz + Vi + Vexe + EXCI lpj(r) = E’l/)j(r) (2-10)
In(rHI>
VH[n] = eZ —l’r‘ — r’l d3T (2_11)

The terms on the right-hand side of equation 2-9 are, in order, the kinetic energy of non-interacting
electrons (T,), the interaction between electrons (Vy), the electron-nuclei interaction terms within
the system (V,,;), and lastly, the exchange and correlation terms which include the correction on
the interaction effect between electrons and nuclei that has not yet been accounted for on previous
terms. Solving the KS equation requires the self-consistency method, which is described below:

I.  Define an initial test electron density n'(r).
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Il.  Using n'(r), solve the Kohn-Sham equation to find the single electron wavefunction y; ().
I1l.  Recalculate the electron density using the wavefunction found after solving the KS
equation:

ns() =2 ) P I() (2-12)

IV.  Compare the calculated KS density ngg(r) with the initial electron density test n'(r). If
the two densities are close within an acceptable threshold, then we found the ground-state
electron density and can further use this to compute the total energy. However, if the two
densities are not the same, then the steps must be performed again until self-consistency is
reached.

2.2. Hubbard U Correction
For materials with many-electron states of highly localized electrons, such as transition metal
oxides with partially filled d or f shells, DFT often presents errors, resulting from the unphysical
self-interaction between electrons, arising from the approximate exchange-correlation functional.
This causes artificial electron delocalization which is unphysical and incorrect. For transition-
metal oxides, DFT may give the d"~1s?! instead of the d™2s?2 configuration, leading to incorrect
cohesive energies.!’®

DFT+U is a method that attempts to correct this self-interaction error by introducing the U and J
parameters, in which the two parameters describe the self-interaction to some extent. There are
two ways to implement DFT+U, the first one is using the Liechtenstein method in which U and J
are parameterized separately, the second one is the Dudarev (Anisimov et.al) method in which the
U and J parameters are condensed as the effective Hubbard U,s = U — ] parameter.

U-J 2-16
Eprr+ulp(r)] = Epprlp(r)] + TJZ(nm,o - nrzn,a) ( )

Where n,,, , is the occupation matrix in the m™ d state, U and J are the spherically averaged matrix
element of the electron-electron interactions. In this thesis, we will use the Dudarev approach to
describe the self-interaction between electrons of metal oxide. This concludes the review of the
basic theory behind DFT.

2.3. Appendices
This chapter is heavily based on sources below:

179 Sholl, D. S.; Steckel, J. A. Density Functional Theory: A Practical Introduction; 2009.
https://doi.org/10.1002/9780470447710.

11 Koch, W.; Holthausen, M. C. 4 Chemist’s Guide to Density Functional Theory; 2001.
https://doi.org/10.1002/3527600043.

172 Cramer, C. J. Essentials of Computational Chemistry Theories and Models; 2004.
https://doi.org/10.1021/ci010445m.

173 Marthinsen, A. Https://Youtu.Be/SXvhDLCycxc; 2016.
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3. Results

3.1. Part 1: Thermodynamic analysis of dimethyl methylphosphonate DMMP on
Fes04(111)/Fe203(0001)
This work studies the interaction of DMMP with Fe304(111) films grown on Fe>03(0001) in a
controlled environment using both computational and experimental methods such as density
functional theory (DFT), temperature-programmed desorption (TPD), scanning tunneling
microscopy (STM) and X-ray photoelectron spectroscopy (XPS). This result section is adapted
from a publication in which the author participated by Walenta et. al.>> The author performed all
the theory part of this publication. For full acknowledgment and copyrights see section 3.1.7.

3.1.1. Computational method

All Spin-polarized DFT calculations were performed using the Vienna ab initio simulation
package (VASP)!4 The projector augmented wave (PAW) method was employed to describe the
electron-ion interactions. The Perdew-Burke-Ernzenhof (PBE) exchange-correlation functional,
within the generalized gradient approximation (GGA), was used.”® To account for the van der
Waals interactions, the dDsC dispersion correction was added to the total energy.!’®'’” The
threshold for electronic energy was set to 10 eV with an atomic force criterion of 0.03 eV/A for
geometry optimizations. The cutoff for the plane-wave basis set was 500 eV for bulk and 400 eV
for surface calculations. Due to FesO4 having partially filled orbitals, the Hubbard U correction is
essential to take care of the on-site Coulomb interaction within d orbitals. Dudarev implementation
was used with effective U value of 3.61 eV (U = 4.50 eV and J = 0.89 eV).1"8 This U effective
value yields an optimized surface with the magnetization of -4.02 and 4.07 up for tetrahedral and
octahedral Fe cation respectively, in good agreement with the experimental value of 4.05 p.17%18
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Figure 12 (Top) Side and perspective views of Fe3O4 slab model. (Bottom) Surface with ¥ ML
O coverage. Blue represents Fe atoms and red represents Oxygen atoms. Each supercell
contains 4 surface-tetrahedral Fe.

The unit cell of FesO4bulk contains 24 Fe and 32 O atoms. Integration over the Brillouin zone for
bulk optimization uses a 5x5x5 Monkhorst Pack k-point mesh. The optimized lattice parameter
was found to be 8.43 A. The surface was then built by cutting the optimized bulk in the (111)
direction. The surface is a p(2x2) supercell containing 48 Fe and 64 O atoms (fig. 12). This
supercell contains 4 active sites (4 exposed unsaturated Fe cations). Calculations of surfaces use a
k-point mesh limited to the I'-point. A test with higher k-points yields a negligible difference in

adsorption energy. The lattice parameter is % =11.92 A (experimental work, a—g = 11.84 A) with

a vacuum of 20 A to avoid inter-layer interaction.*8! Out of the 12 atomic layers, the first 5 layers
are frozen to mimic the bulk. One oxygen adatom is added on one of 4 tetrahedral Fe cations which
correspond to oxygen coverage of 1/4ML. Harris correction within the Makov-Payne method is
used to correct the dipole-dipole interaction between slabs in the z-direction.!82

3.1.2. Experimental Method

The reactivity measurements were carried out in an ultrahigh vacuum (UHV) apparatus with a base
pressure of < 8x10°* Torr, which has been described in detail before.'8318 The Fe;04(111) thin
film was formed as a result of reductive sample preparation of a-Fe203(0001) single crystal and
has been fully characterized previously.'®-18" The a-Fe.03(0001) single crystal (SurfaceNet
GmbH) is mounted and its temperature can be controlled between 130 K and 1000 K.'®* Crystal
cleaning is accomplished by Ar*-ion sputtering (1.0 keV, 1.0 x 10 Torr, 15 min, 13 pA sample
current) and annealing in vacuo (1000 K, 15 min). Before every experiment, 3 cycles of sputtering
and annealing are performed to remove all potential contaminants. For the sake of succinctness,
this surface sample is labeled interchangeably between Fez04(111) or FesO4(111)/Fe.,0O3(0001)
surfaces throughout the thesis. Experiments have been performed by Constantin Walenta in
Harvard.

3.1.3. Experimental Results: Temperature Programmed Desorption and Scanning
Tunneling Microscopy

Temperature Programmed Desorption: UHV
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Figure 13 shows the temperature-programmed desorption (TPD) spectra for DMMP thermal
decomposition on Fe304(111). The most notable decomposition channels happen in three waves.
The first decomposition pathway produces dimethyl ether (DME) at around 650 K, following, the
second decomposition pathway involves the production of methanol and formaldehyde at 700 K
and finally the production of formaldehyde, CO, and CO; at around 850 K. The formation of
methanol and formaldehyde at 700 K was expected as previous work on methanol on Fe3O4 yields
similar products.'® This indicates that the surface-active species would involve methoxy which
could only come from DMMP. The final decomposition channel consisting of formaldehyde, CO,
and CO> correlates to the final combustion product of the remaining carbon species on the surface.
The additional sustained yet the low peak of methanol spreading from 350 to 650 K correlates to
the interaction of P-OCHj3 with surface defect hydroxyl, prompting the formation of methanol and
P-O bond cleavage.

| —— Formaldehyde

Desorbing Molecules /arb. u.

—— Methanol -

——— Dimethylether x3
] 3 ] : 1 S ; ] 3 ] N

300 400 500 600 700 800 900 1000
Temperature /K

Figure 13 Temperature Programmed Desorption Spectra of DMMP thermal decomposition on
Fe304(111)/Fe203(0001) films. Data obtained after exposure of DMMP to full saturation at
1.0 x 10 torr for 1 minute. There are 3 main decomposition channels at 600, 700, and 850 K.

The interesting result comes from the first decomposition channel, with the production of DME at
around 575K. The DME production has been found on other metal oxides before,*® but its
pathway has yet to be determined. To see if whether DME comes from the reactions between
surface methoxy species, a test with isotopic labeling by adsorption of both DMMP and CD3;OH
was performed. The test showed both formations of active surface CD3O and CHsO species,
leading to the production of methanol and formaldehyde around 700K. This result indicates that
DME production proceeds exclusively from the self-rearrangement of the remaining DMMP or
surface-bound MMP.

Scanning Tunneling Microscopy

25



Figure 14 showed the scanning tunneling microscopy image of the Fesz04(111)/Fe.O3(0001)
samples prior to and after the thermal decomposition reaction process. The bright feature
corresponds to the exposed surface oxygen, with Fe cations hidden in the dark rows, as expected
from the used tunneling bias. The image of the as-prepared Fez04(111) surface suggested Oad
termination on top of free Fe cation, corresponding to a 0.67 ML coverage.

After initial adsorption of DMMP, the image does not have a good resolution as there are active
diffusion processes of possible active surface species. The STM image obtained after heating the
sample to 750 K showed the formation of islands corresponding to POy species. X-ray
photoelectron spectra suggest that this remaining exhibit POz formula (binding energy of
phosphorus peak of 133.1 eV and 134 eV).

Figure 14 Scanning Tunneling Microscopy images of (A) the pristine Fes04(111) thin-film
containing both O adatoms and tetrahedral coordinated lattice Fe; (B) surface after exposure
to DMMP (7.5 x 107° Torr for 60 s) at 300 K; and (C) formation of P-containing islands
heating to 750 K. The images were obtained at room temperature with a tunneling current of
0.02 nA and a bias of 2.2V

Temperature Programmed Desorption: Probing the hydrolysis effect.

To see if there is significant hydrolysis as a potential fourth reaction channel, two additional TPD
test was performed: (A) fully saturated surface with DMMP was exposed to water at 300 K and
(B) clean surface was first exposed to water prior to addition of DMMP (fig 15). In both cases, no
substantial effect was observed during the TPD reaction. However, on case B where the water is
adsorbed prior, two clear desorption peaks assigned to water are observed at 400 and 600 K.
Consistent with previous studies on the Fe304(001) surface,'® these bound hydroxyl may be due
to surface defects and thus poses no substantial effect to final product composition. Finally, a huge
peak at 870K is assigned to water resulting from the combustion of the remaining phosphor-
containing compound on the surface. This peak is observed in all cases of TPD, including those
without water, and thus is independent of the addition of water earlier. This result is the opposite
of that for the DMMP decomposition pathway on other metal oxides'®®1% and surfaces such as
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metal-organic framework®”1° supporting the hypothesis that DMMP decomposition is very much
surface sensitive.
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Figure 15 TPD spectra of the fully saturated sample with DMMP which is then dosed with
water prior to reaction (A). TPD spectra of the surface first dosed with water prior to
adsorption of DMMP and thermal reaction (B).

3.1.4. Computational Results: DMMP adsorption modes and decomposition
channel

Molecular Adsorption

DFT calculations showed that the adsorption of DMMP on Fe3z04(111) is very stable. Figure 16
showcases the two most stable molecular adsorption modes of DMMP upon exhaustive
screening. The adsorption energies are calculated using equation 3-1:

Eadsorption = Lsurf+DMMP — EsurflML o Epmmp (3-1)
4

The most stable adsorption geometries involve binding of DMMP via the P=0 group with surface
tetrahedral Fe cation (P=0-Fe) with additional van der Waals interaction between one of DMMP’s
methoxy group (O-CHs) with surface oxygen adatom (Hmethoxy---Oadatom = 2.44 A). This
configuration ((2) in Table 4) yields adsorption energy of -2.57 eV (-248 kJ/mol). The bond
distance between the oxygen of the P=O group and Fe cation is 1.54 A. This adsorption mode is
very much expected, as we have seen in the case of ceria, molybdenum, and cupric oxide.>*°

The second most stable adsorption modes correspond to the oxygen of DMMP’s methoxy group
interacting with surface tetrahedral Fe cation (CHsO-Ti). There is an additional stabilizing
interaction between methyl and oxygen adatom via van der Waals interaction (Hmethyi---Oadatom =
3.33 A). This configuration ((1) in Table 4) yields adsorption energy that is also quite stable, at -
2.06 eV (-198. kJ/mol). This is an adsorption mode that has not been yet seen before in the
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literature on iron oxide and shows that DMMP can easily adsorb on the surface not only via one
channel of adsorption.

Table 4 Stable molecular adsorption modes and adsorption energies of DMMP on Fe304(111).

Index Molecular adsorption modes Adsorption Adsorption
DMMP Surface Energy [eV] Energy [kJ/mol]
1 O of Fe tet -2.06 -199
methoxy
2 O of P=0 Fe tet -2.57 -248
1 2
O-Fe:2.03A . .
C-0,4:3.86 A P=0:151A C-0,4:295A
: O-Fe:1.94 A

Figure 16 Molecular adsorption geometries of DMMP on Fe304(111) and important
distances. (1) DMMP adsorbing via OCHs group with surface Fe (Fe-OCHzs). (2) DMMP
adsorbing via P=0-Fe.

Dissociative Adsorption

The next step is to study if the decomposition of DMMP on the surface is thermodynamically
favorable. Here we consider the dissociative adsorption of DMMP via the cleavage of the P-OCH3
bond. Figure 16 showcases the three most stable adsorption modes after exhaustive searches.

The first step is to look at methoxy adsorption on clean Fez04(111) surface. We found that the
dissociated methoxy adsorbs most stable on the surface Lewis acid site, which is the tetrahedral
Fe cation. The adsorption energy of dissociated methanol is -2.82 eV, agreeing well with the
literature.'®® The next step is the screening of the remaining methyl methyl phosphonate (MMP)
adsorption. We found that MMP adsorbs most stable via the interaction between phosphor and
surface O adatom (fig. 17, image 5). Along with methoxy on the surface, this makes dissociative
DMMP adsorption via P-O bond cleavage thermodynamically downhill by 1.19 eV (or adsorption
energy of -3.76 eV with respect to the gas phase). This geometry is probably stable due to MMP
now being able to re-establish a P oxygen interaction on the surface. Additionally, there is a
stabilizing van der Waals interaction between the free P=O group and nearby surface-bound
methoxy. The distance between the phosphor and the oxygen adatom is 1.56 A (P-O bonding
distance).

All other explored dissociative geometry (Table 5) leads to an overall endothermic net reaction.
Our result indicates that the oxygen adatom is crucial to initiate dissociative adsorption by helping
stabilize the center phosphor of DMMP after the P-OCH3 bond cleavage.
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Table 5 The three energies of dissociative adsorption conformations along with their
adsorption energy relative to gas-phase DMMP

Dissociative adsorption modes ) Adsorption Ener
Index P Adsorption Energy P ¥

MMP | Surface [eV] [kJ/mol]
3 CH30 | Fetet -0.23 -22
4 P=0 Fetet -0.83 -80
5 P O-Fetet -3.76 -362

3
P-0:1.71A

¢ O-Fe:2.02A W .

4 P-0:1.534A 5
9 O-Fe:1.83 A
. P-0,4:1.56 A

-

adatom

Figure 17 Different MMP and methoxy configurations on the Fe304(111) surface with an
oxygen adatom. The respective energies are displayed in Table 5.

3.1.5. Discussion: Thermodynamic analysis

We look back at the result of TPD which yields the two most interesting reaction channels. The
first channel is slightly unusual: the production of DME at 650 K. As the isotopic labeling studies
with DMMP and CD30 species have shown, none of the resulting DME contains deuterium. This
indicates that DMMP may initiate self-rearrangement after initial P-OCHz bond cleavage to
produce DME. Although being a minor pathway, this serves as a way to yield the final POy surface
structure on the surface.

Unfortunately, DFT calculations show that direct self-rearrangement of DMMP to produce DME
is thermodynamically unfavorable! Figure 18 showed that direct DME production into the gas
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phase is uphill by 1.38 eV. We hypothesize that this geometry is highly unstable due to phosphor
being under coordinated with only 2 oxygen adatoms on the surface.

However, this intermediate can be further stabilized by additional O adatom to establish the
tetrahedral coordination of the phosphor center. A possibility of this pathway being true is further
evidenced by the previous STM work on the oxidation of methanol where the reaction depends on
the oxygen mobility through the film, to drive the reaction towards the product.'8 We then further
test the thermodynamic stabilization effect of oxygen adatom production coming from the balance
between magnetite and hematite (figure 19).

3 Fe,03,,, > 2Fe;0,, ,+0 (3-2)
Indeed, the addition of oxygen near phosphor coming from the balance between magnetite and
hematite gives the system up to -1.65 eV stabilization effect. This phenomenon showcases the
unique ability of FezO4 to activate P-CHs bond cleavage via self-rearrangement by utilizing extra
oxygen from subsurface hematite to drive the reaction downhill.

The phenomenon of Fe2O3 being able to activate the P-CHs bond has already been mentioned in
the literature. Experimental TPD and AES works by White et. al. show the ability of Fe>Os to
activate the P-CHz bond at a temperature as low as 247 K, due to the availability of surface oxygen
to stabilize the decomposition intermediates. White observed that this is opposite to the case of
Si02.%7 It is probable, that this extra oxygen coming from Fe203(0001) was the drive for P-CHs
bond activation, but the lack of available Lewis basic site to receive -CH3z prompts DMMP to self-
rearrange and produce DME instead.
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AE=+1.38eV

-2.38 eV

AE =-0.07 ev*

adatom

AE =-0.27 eV*

Figure 18 Possible DME formation pathway from dissociative adsorbed DMMP. Direct self-
rearrangement of MMP to produce DME is thermodynamically not possible (path a).
Intermediates upon DME production may be stabilized by additional oxygen adatom (path b).

AE=-1.45eV

(a)

T 383ev

+ 3 Fey03p

-2.38 eV

AE=-1.65eV

Figure 19 Thermodynamic analysis of additional O-adatom obtained from the reduction of
hematite to produce Intermediate b on phosphor-containing intermediate upon release of
DME.

The second reaction channel, with the production of methanol and formaldehyde at 720 K indicates
that the major decomposition products stem from P-OCHs bond cleavage, transferring a methoxy
species on the surface Fe cation and an MMP on surface Lewis base site. Additional evidence by
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DFT suggests that this step is highly favorable with the help of surface oxygen adatom replenishing
the tetrahedral configuration of the phosphor center of MMP.

Lastly, it is worth mentioning that in the final reaction channel at 870 K where the remaining
intermediates combust to produce CO, CO,, CH20, and H20, there are no phosphorus-containing
compounds in the final gas stream products. This indicates that phosphor is accumulating on the
surface, poisoning it for further reactivity. This can be seen in the STM images in figure 13. This
ability to trap final phosphorus intermediates at room temperature makes FesO4 an interesting
surface in comparison to other metal oxides such as TiO2(110) or MoOs where molecular
desorption of DMMP at room temperature was observed.’® Additionally, unlike metal framework,
DMMP decomposition is not affected by exposure to water. In a sense, the surface does not need
to be hydroxylated in order to help promote the adsorption and decomposition of DMMP.

3.1.6. Conclusion

Thermal decomposition of DMMP, a simulant for the nerve agent sarin on
Fes04(111)/Fe203(0001) film was studied by TPD, STM, and DFT. The synergistic result of TPD
and DFT shows that DMMP adsorption is very stable, both molecular and dissociative-wise. Two
channels of decomposition were proposed, firstly via the P-OCHs bond cleavage, initiating
methoxy disproportion reaction to produce methanol and formaldehyde. The second channel of
decomposition arises from the self-rearrangement of MMP to produce DME, however, this step
requires the migration of O atoms from bulk Fe>,O3(0001) to the surface to stabilize remaining
phosphor-containing intermediates. Finally, upon heating to 1000 K, the remaining phosphor
intermediate accumulates on the surface as islands, as seen from STM images and DFT
calculations. Co-adsorption of water shows no tangible impact on the decomposition process,
indicating that the chemistry of DMMP on Fes04(111) does not depend on hydroxyls defect. This
result suggests FesOs as a good candidate material for the filtration of nerve agents and pollutants.
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3.2. Part 2: Elucidating decomposition pathway of DMMP and Sarin on pristine and
defective r-TiO2(110)
In this section, we employed DFT to screen various adsorption modes and multiple decomposition
pathway scenarios of DMMP on the perfect and defective surface of rutile TiO2(110). To further
validate our result, experimental temperature-programmed desorption (TPD) was also included.
This result section is adopted from a submitted manuscript by the author.

3.2.1. Computational method

Density Functional Theory calculations were performed using the Vienna Ab Initio Simulation
Package (VASP).174194 The calculations employed a generalized gradient approximation (GGA)
functional namely the Perdew-Burke-Ernzerhof (PBE) to describe the exchange and correlation
energies. Van der Waals correction was accounted for using dDsC dispersion correction within
VASP software.1”>1761% The Projector Augmented Wave (PAW) method was used to describe the
electron-ion interactions with a kinetic energy cutoff of 500 eV.1"#1%197 Dye to the onsite
Coulomb repulsion of the Ti 3d orbitals, the calculations were treated with Hubbard U correction
(DFT+U). Dudarev approach was employed with effective U parameter of 4.2 eV on Ti 178198
Justification for U value of 4.2 eV was taken because it has shown to adequately depict correct
localization of electrons on surfaces in the presence of oxygen vacancies.’*’ The electronic
convergence criterion was set to 10 eV, with the maximum atomic force threshold set to 0.03
eV/atom.

Pathway exploration and transition state searches were performed using the Nudged Elastic Band
(NEB) method with 8 images created between intermediates. Due to the high degree of freedom
of DMMP and Sarin, NEB calculation is stopped once the system reaches a force of 0.1 eV on
each image to reduce computational cost. The search of the transition state is further continued
with the Quasi-Newton until the system converges with forces under 0.03 eV/atom.

The adsorption energies are calculated with equation 3-3:

Eqas = surf+DMMP — Esurface - EDMMP(g) (3-3)
The Kkinetic rate constant was calculated using the Transition State Theory approximation, with the
vibrational contribution of the system neglected:

K = (ka) ¥ exp [_(ETS — Eg) * kbl (3-4)

h Rx*T
Where E is the relative energy of the transition state and Ej, is the energy of the reactant.

To create the periodic slab of rutile TiO2 (110), bulk TiO2 was optimized using PBE+U functional
with van der Waals correction using the dDsC method.*”” To see the effect of Hubbard U correction
towards the lattice constant, rutile TiO2 bulk was optimized with both PBE and PBE+U methods.
The calculated lattice constants of the bulk TiO2 using PBE+dDsC yield values of a = 4.65 A and
¢ =2.94 A, whereas using PBE+U+dDsC yield lattice constants of a=4.68 A and ¢ =3.03 A. The
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calculated lattice constant agrees with previous studies of TiO, using PBE functional. It is known
that PBE functional slightly overestimates the lattice constant in comparison to the experimental
measurement (a = 4.54 A and ¢ = 2.94 A).12415519 Al pulk calculations used the gamma centered
k-mesh of 4x4x4.

To create the pristine TiO2(110) surface, a 4x2 supercell with lattice vectors a = 13.16 A and b =
12.07 A was cut from the bulk (fig. 20). The surface cell contains four O-Ti-O trilayers (12 atomic
layers) with a vacuum distance of 15 A to avoid interaction between layers. The first O-Ti-O
trilayers are frozen to mimic the bulk. The TiO2(110) surface has two types of oxygen atoms,
namely Oz and Os.. Among the two types of oxygen atoms, oxygen vacancy at the bridging
oxygen site was found to be more stable®*®140148 "and thus the defect sites considered are the
vacancy on the Oy bridging site only. The defective surface was created by removing one Oxc
from the pristine surface (fig. 20, right). This corresponds to 0.125 ML oxygen vacancy
concentration, which is deemed close to the experimental observation ranging between 0.08 to
0.15 ML.1%6:200201 Eor syrface calculations, k-mesh of 1x1x1 gamma centered is found to produce
acceptable accuracy. Harris correction within the Makov-Payne method was employed to take care
of the dipole-dipole interaction between each slab in the z-direction.*®? Van der Waals interactions
have been considered in all calculations using the density-dependent dispersion correction method,
dDSC.176’177

Figure 20 Rutile TiO2(110) Surface Model. (Left) Top view of pristine TiO2 (110) and (Right)
Top view of defect TiO2(110) with an Ozc oxygen vacancy (indicated by a broken line circle,
since a subsurface O atom is seen below at the same x,y position).

3.2.2. Experimental methods

Desorption and reactivity of DMMP are studied in an ultra-high vacuum apparatus described
previously.18202 A clean TiO2(110) surface with a bridge-bonding oxygen vacancy concentration
of <2% of a monolayer was obtained by cycles of Ar*-sputtering and vacuum annealing 780
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K.22DMMP (>97%, Sigma-Aldrich) was purified by pump freeze cycles. Before every
experiment, the designated gas line system was flushed and pumped multiple times and further
passivated with more than 1 h of DMMP exposure to avoid contamination by hydrolysis
products.z> DMMP exposures were performed with a pressure of 5 x 10°2% Torr for 60 s unless
otherwise stated, which lead to a monolayer saturation coverage at a crystal temperature of 200 K.
The given exposure parameters do not account for an enhancement factor of the needle doser, that
was determined to be 27 previously. Temperature programmed desorption and reaction
experiments were performed with the crystal positioned in a line-of-sight geometry with the
quadrupole mass spectrometer and a constant heating rate of 1 K/s. The monitored masses include
2,15, 16, 18, 27, 28, 29, 30, 31, 32, 33, 35, 44, 46, 47, 79 and 124. The desorption products were
identified by their fragmentation patterns and corrected fragmentation pattern contributions and
mass spectrometer sensitivity.

3.2.3. Experimental results: Temperature Programmed Desorption

Figure 21 shows the temperature-programmed desorption spectra results. A broad desorption peak
assigned for DMMP from r-TiO2(110) can still be seen at a wide range of temperatures (200 K to
500 K). The wide broad of desorption agrees well with previous studies.* Products such as
methanol and formaldehyde only started to show signs at a high temperature of 650 K, albeit minor.
No other reaction products are observed. The simultaneous desorption of methanol and
formaldehyde is a characteristic indication of the result of the surface disproportionation reaction
of surface-active methoxy species.?>2%* Qur hypothesis and previous literature on TiO2(110)
suggest that these surface methoxy species could only be present as the result of DMMP
decomposition.®52205 After heating through 800 K, it was observed that some of the POxCyH;
residues stay on the surface based on a small P signal a subsequent Auger Electron Spectrum (Fig.
21).
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Figure 21 TPD spectra of thermal decomposition of DMMP on reduced TiO2(110). DMMP

desorbs molecularly from the surface between 200 K and 500 K. Simultaneous formation of

methanol and formaldehyde fits the temperature of methoxy disproportionation previously
observed on TiO2(110) surface.?®

Intensity /arb. u.
O%
3

,O

L L I I I 1 L I I
0 100 200 300 400 500 600 700 800 900 1000
Energy /eV

Figure 22 The Auger electron spectrum of the TiO2(110) single crystal after a temperature-
programmed desorption experiment shows that phosphorous and carbon on the surface
indicating residual P-containing species on the surface that is assigned to a DMMP reaction.
The elements are identified by their characteristic Auger peak energies: P at 110 eV, C at 272
eV, Tiat 387, and 418 eV and O at 503 eV.

The observation of desorbing DMMP is not a surprise, past studies have observed the behavior of
DMMP desorbing on reducible oxides such as Ce® and particularly on Ti®*%2205 This is in
opposition to what we have seen in the case of Fes04(111) supported on hematite shown
previously, where DMMP readily reacts on the surface at room temperature due to the availability
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of extra oxygen.?® This observation further adds to our hypothesis that decomposition on TiO;
requires additional thermal energy and that the reactivity of DMMP decomposition depends on the
metal oxide used.

3.2.4. DMMP adsorption and decomposition pathway on pristine r-TiO2(110)
3.24.1. DMMP adsorption modes on the pristine surface

DFT calculations show that DMMP adsorption is stable on pristine TiO2(110). Adsorption mode
screening yields only two stable adsorption modes (figure 23). For the sake of readability, the
atoms on DMMP are marked with Latin numbering. The first and most stable adsorption geometry
shows DMMP adsorbing via the oxygen of P=0 group with surface Lewis acid, Ti°* cation (P=0\-
Ti), with additional interaction between methoxy and neighboring Ti>* (Ou-Ti). This geometry has
adsorption energy of -2.35 eV (-227 kJ/mol). The distance between the oxygen and surface Tisc
(P=0:-Ti) is 2.11 A, while the distance between methoxy and Tisc (On-Ti) is 2.42 A,

The second and only other stable molecular adsorption geometry involves only the bonding
between the oxygen of the P=0 group and Tisc without any additional stabilizing interaction. The
additional interaction of methoxy and neighboring Ti seems to greatly stabilize the system as this
geometry yields significantly less stable adsorption energy of -1.71 eV (-164 kJ/mol).

Figure 23 Two most stable molecular adsorption geometries of DMMP in TiO2(110). Most
stable adsorption (left) has adsorption energy of -2.35 eV. The second most stable adsorption
geometry (right) has an adsorption energy of -1.71 eV.

Following the most stable molecular adsorption mode, there are 3 possible decomposition
pathways initiated via P-OCHs, O-CHs, or P-CHs bond cleavage, which we will analyze in the
following section. Note that we did not investigate the C-H bond cleavage as experimental work
shows a small probability of C-H bond cleavage.!®®

3.2.4.2.  Decomposition on Pristine surface: P-On bond cleavage-initiated
Decomposition pathways of DMMP initiated via P-OCHs bond cleavage are shown in figure 25.
Two P-OCH3 bonds can be cleaved, however, P-O; bond cleavage is rendered to be more

accessible as it is already interacting with surface Tisc. The transition state for this step requires a
nucleophilic back attack towards the DMMP phosphor center by surface bridging oxygen, forming
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a Penta-coordinated phosphor center (figure 24). Although cleaving the P-Oy bond yields an
intermediate that is thermodynamically more stable by 0.37 eV from the adsorbed state (figure 25,
S2), the barrier to reach this intermediate stood very high at 2.18 eV (210 kJ/mol). Cleavage of the
P-Oy bond results in a transfer of methoxy species and residual methyl methylphosphonate (MMP)
to the surface.

Figure 24 Transition State to 1 P-O bond cleavage of DMMP on pristine TiO2(110). Bond
distances are: P-Ozc =1.69 A, P-O, =1.60 A, P-Oy; =2.02 A, Ti-01=2.16 A and Ti-O, =1.89 A.

After P-Oy bond cleavage, P-Oni bond cleavage to transfer another methoxy to the surface would
yield intermediate S3 which is 0.97 eV (93 kJ/mol) less stable than S2. After losing two methoxys,
the phosphor center of the remaining intermediate forms a bond with surface O3c to re-establish
its tetrahedral coordination. The barrier to break the P-Oy bond is 1.44 eV (139 kJ/mol).

An alternative path to the second step of dissociation is to cleave the Oy-Ciii bond instead of the
P-Oyi bond, transferring a methyl to surface O2c (S4). This intermediate is 0.24 eV less stable than
S2, with a barrier that is even higher of 2.21 eV (213 kJ/mol). These results indicate that
decomposition via P-OCHs bond cleavage is very unlikely.

The calculated kinetic rate constant at 300K and 600K for the decomposition step of DMMP on
the pristine surface are summarized in table 6. At ambient and high temperatures (300 and 600 K),
the rate constant for the first P-Oy bond cleavage is unsurprisingly small. We conclude that
decomposition starting from P-OCHBa is unlikely. This result is in agreement with previous work
by Zhou et. al. which saw no cleavage of P-OCHs bond on r-TiO2(110) in UHV via XPS.1%°
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Figure 25 Reaction pathway of DMMP on pristine TiO2(110) starting by the P-OCH3s bond
cleavage. The reaction proceeds either by breaking a second P-OCHj3 or an O-CH3 bond.

Table 6 Calculated energies and Kinetic rate constants for DMMP decomposition on the
pristine r-TiO2(110) surface via P-OCHjs cleavage

Reaction S1 TS1 S2 TS?2 S3 TS3 S4
coordinate
Relative -2.35 -0.17 -2.72 -1.28 -1.77 -0.51 -2.48
Energy (-226) (-16) (-262) (-123) (-170) (-49) (-239)
[eV, (kJ/mol)]
Rate constant - 2.35E-24 - 5.31E-12 - 9.87E-25 -
at 300K [1/s]
Rate constant - 7.66E-06 - 1.15E+01 - 4.97E-06 -
at 600K [1/s]
3.2.4.3.

Decomposition on the pristine surface: O-CHs bond cleavage-initiated
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DMMP decomposition via O-CHz bond cleavage may be initiated with the cleavage of Oy-Cy
(methoxy interacting with surface Tisc) or Ou-Cii bond. The decomposition pathway via O-CHs
bond on the pristine surface is depicted in figure 26, with intermediates showcased in the green
box representing pathway initiated with O;-Cy; cleavage and intermediates showcased in the red
box representing pathway initiated with Oi-Cin cleavage.

The barrier to cleave Oy-Cy bond is expectedly high at 2.17 eV (209 kJ/mol, TS 1a) albeit
producing a very stable intermediate S2a at 0.93 eV (89 kJ/mol) lower in energy compared to the
adsorbed state. The stability of this intermediate may be attributed to the fact that the phosphor
center retains its tetrahedral coordination after bond cleavage. Further Op-Ciii cleavage yields
intermediate S3a, transferring a methyl to nearby Oxc. This intermediate is 0.31 eV less stable than
intermediate S2a. The barrier to cleave this bond is considerably high at 1.78 eV (172 kJ/mol).

On the other hand, the pathway initiated via Oui-Cii cleavage has a considerably lower barrier at
1.2 eV. This could be due to Cyj; being positioned closer towards surface Ozc. This is ideal for SN»-
like attack by the surface Oz, with inversion of configuration at the carbon, hence shortening the
bond cleavage pathway. This step yields intermediate S2b that is 0.29 eV more stable than the
molecular adsorption state. As we have seen in the case of pathway a, at this point, cleaving another
O-CHjs bond would bear quite an uphill barrier. Thus, we tried to cleave the P-OCHj3 bond instead,
leaving a methoxy on the surface (S3b). Turns out, this intermediate is thermodynamically
comparable to S2b with a barrier of 1.53 eV.

40



oy \ -0.18
“ ]
\ i Tsla |}
1 \
-0.5 : | et TS 2b
\ 1 cleavage |
\ ! ] P-0,
i ! \ cleavage
' {105 | 111
-1.0 ". ! |: 2
\ {1 TS1lb :| / —‘.‘
> \ "’ { OwCu 1} ',' 15 !
ol \ i/ cleavage | i : \
> \ i i HEETITIRY
g i i 3 i1 OwCy '-|'|‘
& s i {1 cleavage \\
24 | i i '
" i 1
Vo235 f 4 i W
s1 ‘ Molecular |'-“ i W S3b
o 1
=2.5 & ¢ adsorption '-l"‘ 2.64 ! \“‘ -2.65
FRaA (s1) e —
. ?‘ : S2b ! !
oo attHt | : Vo -2.97
-3.0 TP G \ ! —
\ 328 ! S3a
i - !
S2a
(04

Ve Vel mey
oY | TRy

Figure 26 Reaction pathway of DMMP on pristine TiO2 (110) via Oy-Cyy and O1i-Cin
bond cleavage. Intermediates of decomposition initiated with Oy-Cyi cleavage are
highlighted in green boxes (path a), whereas intermediates of decomposition initiated with

Owmi-Cin (path b).

Table 7 shows the calculated rate constant of DMMP decomposition initiated by O-CHz bond
cleavage at 300 K and 600 K. The table shows that decomposition vi O-CHsz bond cleavage can
only be viable at high temperature (600 K) and that it may initiate via Ou-Ciu bond cleavage and

not On-Cy.
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Table 7 Kinetic rate constants on DMMP decomposition on the pristine surface via O-C bond

cleavage
System DMMP on TiO2 Pristine, Path On-Ci cleavage
Reaction coordinate S1 TS la S2a TS 2a S3a
Relative Energy -2.35 -0.18 -3.28 -1.51 -2.97
[eV, (kJ/mol)] (-226) (-17) (-316) (-145) (-286)
Rate constant at - 3.35E-24 - 1.48E-17 -
300K [1/s]
Rate constant at - 5.58E-06 - 1.92E-02 -
600K [1/s]
System DMMP on TiO2 Pristine, Path Oin-Cin cleavage
Reaction coordinate S1 TS 1b S2b TS 2b S3b
Relative Energy -2.35 -1.05 -2.64 -1.11 -2.65
[eV, (kJ/mol)] (-226) (-101) (-254) (-107) (-255)
Rate constant at - 2.36E-09 - 2.14E-13 -
300K [1/s]
Rate constant at - 2.43E+02 - 2.31E+00 -
600K [1/s]

3.2.4.4.  Decomposition on the pristine surface: P-CHs bond cleavage-initiated

Zhou et. al. argues that there is a possibility to observe dissociative adsorption via the P-CHs
bond.?% A simple thermodynamic analysis shows that P-CH3 bond cleavage, transferring a methyl
on surface bridging oxygen is unfavorable by 1.14 eV (figure 27a). It is probable that this
instability comes stems from phosphor being under-coordinated. We explored the possibility of
this geometry being stabilized further by having P interacting with Oz (figure 27b), which still
yields a thermodynamically uphill process by 0.39 eV from the molecularly adsorbed state. From
geometry c, we then cleaved an additional P-OCHz bond (figure 27¢). Our calculation showed that
the step to cleave additional P-OCHz bond yield an intermediate that has higher energy by about
1.49 eV from initial molecular adsorption. There seems to be no tendency for P to interact with
surface basal Osc, which causes P to be undercoordinated. This result indicates that further
decomposition proceeds via this intermediate are unlikely. Due to uphill thermodynamic analysis
of reaction product, pathway searches were not performed to conserve computational time.
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Relative Energy = + 0.39 eV Relative Energy = + 1.49 eV

Figure 27 (top) Dissociative DMMP adsorption via cleavage of P-CH3z bond, leaving a methyl
group on surface Oz. (bottom) dissociated DMMP intermediate upon additional cleavage of
P-OCHs bond. This system is less stable since P is undercoordinated.

3.2.5. DMMP adsorption and decomposition pathway on defective r-TiO2(110)
3.25.1. DMMP adsorption modes on the defective surface

The most stable molecular adsorption modes on the defective surface are showcased in figure 28.
DMMP interacts with TiO2(110) surface via the oxo O; constituent with the surface oxygen
vacancy. Additional interaction of oxygen of DMMP’s methoxy group (On) and neighboring Tisc
further stabilizes this geometry. At a glance, this geometry is akin to the molecular adsorption
configuration on pristine TiO> surface, with the exception that now O; is occupying a defect site
instead of interacting with a surface Tisc. This conformation yields adsorption energy of -2.29 eV
(221 kJ/mol). The distance between O, to Tisc and Oy to surface Tisc is 2.11 A and 2.42 A
respectively.

Though the P=0O prefers to occupy the vacancy, the presence of the oxygen vacancy
counterintuitively decreases the adsorption energy by 0.06 eV compared to the pristine surface.
This is due to the fact that the formation of the oxygen vacancy leaves two electrons on the surface
Tioc atoms, therefore reducing the Lewis acidity of titania, and weakening the Oy -Tiyc interaction.
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In comparison to molecularly adsorbed DMMP on the pristine surface, DMMP adsorption on
defective surface puts P closer with O2c oxygen on the surface. This can help facilitate the P center
to preserve its tetrahedral coordination upon the cleavage of the P-Oy by immediately creating a
P-O2¢ bond.

Below we investigate the DMMP decomposition pathway on the defective surface via 3 channels,
P-OCHs, O-CH3, and P-CHs bond cleavage.

Figure 28 Most stable rﬁc;lecular DMMP adsorp‘tion on TiO2(110) with oxygen vacancy. Oi
occupies the oxygen vacancy with an extra interaction of a DMMP methoxy group with
surface Ti5c.

3.2.5.2.  Decomposition on the defective surface: P-OCHs bond cleavage
initiated
Starting from the adsorbed state on the defective surface (fig. 28), DMMP decomposition may be
initiated via P-Opn bond cleavage, leaving a methoxy on surface Ti5c and methyl methyl

phosphonate (MMP) whilst adding a new bond between P and surface O2c. Figure 10 shows this
DMMP decomposition pathway on the defective surface.

The P-Oy bond cleavage yields two possible intermediates (fig. 29), depending on which Oy the
phosphor center is interacting with after P-Oy bond cleavage. In both cases, the barrier to cleave
P-Oi bond, yielding intermediates S2 green and blue is significantly lower compared to the barrier
to cleave P-OCHs bond on the pristine surface. We postulate that this is due to P being
geometrically accessible to the surface Ozc. P-O2c bond creation after P-O bond cleavage helps
stabilize the remaining phosphor-containing intermediate.
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Figure 29 Intermediate isomers upon P-On bond cleavage on defective TiO2(110). (left) the
methoxy substituent of MMP is facing away from the adsorbed methoxy, decomposition
steps follow the ‘green pathway’. (right) the methoxy substituent is facing towards the
adsorbed methoxy, decomposition steps follow the ‘blue pathway’.

The two intermediates isomer upon P-O bond cleavage differs by only the placement of its
methoxy substituent of the remaining methyl methylphosphonate (MMP). The first isomer (fig.
28, left) corresponds to the case where the methoxy substituent of MMP (Oy-Cin) is facing away
from the surface-bound cleaved methoxy group. This geometry will start the ‘green pathway’. The
second isomer (fig. 9, right) places the methoxy substituent of MMP (On-Cin) facing towards the
adsorbed methoxy (Ou-Cn). The pathway following this second intermediate will be denoted as
the ‘blue pathway’.

Both isomers have similar adsorption energy as it can be expected, -2.25 eV and -2.37 eV for green
and blue pathways, respectively. This indicates that the P-Oy bond cleavage yields intermediates
with similar stability as the molecularly adsorbed DMMP (E = -2.29 eV). The barrier to cleave the
first P-Oy bond is 1.47 eV and 1.41 eV for the green and blue pathways, respectively. The
transition state for both isomers involves P interacting with bridging O2c rows prior to the P-Oy
bond cleavage (see figure 30, TS1 green and blue).
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Figure 30 DMMP decomposition initiated via P-On bond cleavage on r-TiO2(110) with one

O vacancy. Intermediates in green and blue depict decomposition following two possible
isomers after P-OIl bond cleavage.
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Figure 31 (Left) Transition state of P-O cleavage for green isomer, (right) transition state for
blue isomer.

Subsequent P-Oy;; bond cleavage on MMP after the initial P-Oy bond cleavage yields two isomers
again. This is due to the difference of where the methoxy constituent of MMP was facing prior to
the second P-OCHs dissociation step, subsequent breaking of the P-OCHz bond leads to the
transfer of the second methoxy on different Tisc rows on the surface (figure 32).
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Figure 32 (left) green pathway intermediate upon second P-O bond cleavage. (right) isomer
in the blue pathway

Following the green pathway, the subsequent breaking of the P-Oy; bond forms an intermediate
(S3 green on fig 30 and figure 32 left) which is less stable by 0.24 eV (23 kJ/mol) with respect to
the molecularly adsorbed DMMP. P clearly tries to conserve its tetrahedral coordination as it
creates a new bond with surface Oszc upon P-Oy; bond cleavage. This configuration forces Tiec
underneath P to shift downwards by 0.64 A. The barrier to break the P-Oyy is moderate (1.43 eV).

On the blue pathway, however, after the second P-O bond cleavage (P-Oni) methoxy groups are
adsorbed on the same Ti5c row (Figure 32 right). This intermediate is less stable than its equivalent
isomer in the green pathway. This intermediate is higher in energy, less stable by 0.45 eV (43
kJ/mol) with respect to the molecularly adsorbed DMMP. This is likely due to the proximity of
the surface-bound methoxy groups. However, the barrier to break the P-Oy bond through this
isomer is slightly lower (1.21 eV, 117 kJ/mole) in comparison to its counterpart isomer in the green
pathway.

Table 8 shows the kinetic rate constants for DMMP P-OCHzs bond cleavage on the defective
surface. In comparison to the case of the pristine surface, the decomposition initiated via P-OCH3
on the defective surface is kinetically faster. At room temperature, the kinetic rate constant for
every decomposition step is extremely small, similar to those on the pristine surface. However,
fast rate constants (~10 s*) are obtained at 600 K, where the first decomposition step is 6 orders
of magnitude faster than that on the pristine surface.
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Table 8 Calculated energies and kinetic rate constants for DMMP decomposition on the
defective r-TiO2(110) surface via O-PCHs bond cleavage.

System DMMP on TiO2 Defect, P-O bond cleavage, Green
(2 OCHes transferred to different Tisc row)
Reaction S1 TS1 S2 TS 2 S3
coordinate
Relative  Energy -2.29 -0.88 -2.25 -0.82 -2.05
[eV, (kJ/mol)] (-220) (-84) (-217) (-79) (-198)
Rate constant at - 1.43E-11 - 9.24E-12 -
300K [1/s]
Rate constant at - 1.89E+01 - 1.52E-01 -
600K [1/s]
System DMMP on TiO2 Defect, P-O bond cleavage, Blue
(2 OCHs transferred to the same Tisc rows)

Reaction S1 TS1 S2 TS 2 S3
coordinate
Relative  Energy -2.29 -0.82 -2.37 -1.16 -1.84
[eV, (kJ/mol)] (-220) (-79) (-228) (-111) (-177)
Rate constant at - 1.70E-12 - 2.90E-08 -
300K [1/s]
Rate constant at - 6.51E+00 - 8.52E+02 -
600K [1/s]

3.2.5.3.  Decomposition on the defective surface: O-CHs bond cleavage-

initiated

Figure 33 depicts the reaction pathway initiated via O-CHz bond cleavage on the defective surface.
Upon adsorption, there are again two possible O-CHz bonds to cleave, Oy-Cy which interacts with
surface Tise, and the Oy-Cinn bond which interacts with bridging Oz row via van der Waals

interactions.
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Figure 33 DMMP decomposition initiated via P-On bond cleavage. Intermediates in green
and blue depict decomposition following two possible isomers after P-On bond cleavage.

The path initiated via O;-Ciii bond cleavage (denoted as the black path in figure 33), yields a very
stable intermediate (S2a), 0.91 eV more stable than chemisorbed DMMP, leaving a methyl on the
same bridging oxygen row, beside the remaining P(OTi2)(CH3)(OCHs) surface species. The barrier
to cleave this bond is 1.25 eV. A second decomposition step can follow with the Oy-Cy bond
cleavage. The formed intermediate (S3) is 0.46 eV more stable than S2a and the barrier to cleave
this On-Cy bond is 1.96 eV.

The path initiated via the Oy-Cy bond (denoted as the blue path in figure 33), yields an even more
stable intermediate (S2b, -3.51 eV), leaving a methyl on the opposite bridging oxygen row of the
remaining P fragment. This intermediate is 1.22 eV more stable than the adsorption state. The
barrier to cleave this bond is 1.42 eV. A second decomposition step can follow with the O-Cin
bond cleavage, yielding S3 after passing a barrier of 1.78 eV.

In both cases above we investigated the P-OCHs bond cleavage as a following cleavage step after
the first O-CH3 bond cleavage. In both cases, the P-OCH3 bond cleavage is thermodynamically
unfavorable. The possible intermediates from cleaving the P-OCH3 bond after breaking the O-
CHs bond are listed in figure 34. From S2a (after O\-Ciii bond cleavage), cleaving P-Oy (fig 33,
left) yields an intermediate that is 0.29 eV less stable than S2a. The barrier for this step is 2.22 eV
(not depicted in figure 13 for clarity). From S2b (after Oy-Cy; bond cleavage), cleaving P-Ou (fig
33, right) yields an intermediate that is 1.6 eV less stable than S2b. Since the intermediates are not
thermodynamically stable, we did not calculate the barrier for these steps.
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Figure 34 Intermediates from P-O bond cleavage after O-C bond cleavage on the defective
surface. (Left) P-On bond dissociation from S2a (right) PO bond dissociation from S2b

Table 9 shows the kinetic rate constants for decomposition initiated via Oy-Cin and Oy-Cyi bond
cleavage on the defective surface. We see that at high temperatures (600 K), the first dissociation
step either via On-Cyiy or Oy-Cyi bond cleavage (TS 1a and TS1b) proceeds considerably fast,
despite further decomposition seems to be difficult still. Full decomposition is still more viable via
P-O bond cleavage on the defective surface.

Table 9 Calculated energies and Kinetic rate constants for DMMP decomposition on the
defective r-TiO2(110) surface via O-C bond cleavage

System Om-Cin bond cleavage initiated (Black)

Reaction S1 TS S2a TS 2 S3a
coordinate

Relative Energy -2.29 -1.04 -3.20 -1.24 -3.66
[eV, (kJ/mol)] (-220) (-100) (-318) (-119) (-353)
Rate constant at - 7.39E-09 - 1.06E-20 -
300K [1/s]

Rate constant at - 4.30E+02 - 5.14E-04 -
600K [1/s]

System On-Cn bond cleavage initiated (Blue)

Reaction S1 TS S2b TS2 S3b
coordinate

Relative Energy -2.29 -0.87 -3.51 -1.73 -3.66
[eV, (kJ/mol)] (-220) (-83) (-338) (-167) (-353)
Rate constant at - 1.14E-11 - 1.35E-17 -
300K [1/s]

Rate constant at - 1.69E+01 - 1.83E-02 -
600K [1/s]
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3.2.5.4.  Decomposition on the defective surface: P-CHs bond cleavage-
initiated

Finally, we investigated the P-CHz bond cleavage-initiated pathway on the surface with O vacancy.
The thermodynamic analysis showed that the oxygen vacancy does not help to stabilize the
intermediate after P-CHz bond cleavage (fig. 35). This intermediate is 0.91 eV less stable than the
adsorbed state. There seems to be no tendency for P to interact with surface basal Osc, which causes
P to be undercoordinated. Even with an additional P-OCHz bond cleaved and with a P-Osc
interaction, the stability does not seem to improve (adsorption energy 1.08 eV higher with respect
to most stable molecularly adsorbed DMMP). We conclude that the P-CH3z bond cleavage is
unlikely on TiOa.

Figure 35 (left) Molecalarly adsorbed DMMP on O vacancy. (Right) Subsequent
intermediate resulting from P-C bond cleavage.

S e il | )

3.2.6. Discussion: Possible reaction pathways

We observed that on pristine r-TiO2(110) molecular adsorption is highly stable via the interaction
between the oxo constituent and surface Lewis acid Tisc. This configuration is very often observed
in other metal oxide systems and metal-organic frameworks as mentioned in the literature search
section. 99°1:606152-59 DET calculations indicate that decomposition via P-OCHjs cleavage leads to
stable intermediates but is very slow kinetically. Decomposition via P-CHsz bond is simply
thermodynamically uphill. O-CHs bond cleavage is the most favorable elementary reaction step,
though the barrier can only be passed at high temperature (600 K), forming a surface methoxy
species on the bridging oxygen row. This formation of surface methoxy groups agrees with the
TPD result which detects a small amount of methanol and formaldehyde at 650 K, suggesting that
these products are the result of surface methoxy disproportion. On all decomposition pathways,
the remaining PO3CH3 species remains stable on the surface, with phosphor center forming
tetrahedral coordination with surface oxygens.

Comparison with other rutile-form metal oxide shows similar adsorption geometries of DMMP. A
DFT-based thermodynamic analysis of DMMP decomposition by Housaindokht et. al. on r-
Sn02(110) shows two most promising dissociative adsorption of DMMP involves the transfer of
methyl to a nearby Oz with the remaining phosphor-containing intermediate preserving its
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bidentate structure.?’® Our kinetic analysis further highlights the importance of accessibility of
surface metal cation and Lewis basic sites towards reactivity.

Further, we are interested in the effect of surface oxygen vacancy on surface reactivity. A common
property of r-TiO2(110) is the presence of bridging oxygen vacancies in UHV condition which is
known to be able to act as active sites for many reactions. We cannot remove the possibility of P-
OCHz3 bond cleavage dissociation, facilitated by the surface defect.

DFT calculations found that oxygen vacancy defects on the surface do indeed may serve as active
sites. Adsorption of DMMP on the O vacancy is stable, similarly to the adsorption on the pristine
surface, though with the P=0 group occupying the vacancy instead of interacting with Tisc. Such
adsorption of DMMP on the vacancy was found to lower the barrier of P-OCH3 bond cleavage,
helping in transferring a methoxy to surface Ti5c. The calculated Kinetic rate constants suggest
that the P-OCH3 bond cleavage would become favorable at around 600K on the oxygen vacancy-
containing surface. Subsequent second P-OCHj3 bond scission was found to be favorable as well
at 600K, with the remaining phosphorus group forming tetrahedral coordination with surface
oxygen. The alternative option of an O-CHjs bond cleavage-initiated decomposition is also easier
on the vacancy-containing surface, though full decomposition afterward is difficult. Lastly, similar
to the case of pristine surface, P-CH3 bond cleavage on the defective surface was found to be
unstable and thus unlikely to happen both on the pristine and defective surface.

The results indicate that the O-CH3s bonds on DMMP are the easiest to cleave, but that P-OCH3
bond cleavage can also occur at high temperatures in the presence of O vacancies. The products
of DMMP decomposition remain strongly bound to the surface, hence poisoning it. Overall, the
reactivity of DDMP on r-TiO2(110) is weak, leading to partial desorption at low temperature, and
decomposition only at high temperature (600 K). TiO2 appears as a good support to place a DMMP
decomposition catalyst since the molecule reactivity is low, but the decomposition products are
highly stable on the support. This could help decomposition products migrate from the catalyst to
the support, hence freeing the catalyst for the next cycle. Removing decomposition products from
the catalytic site is indeed a key question and poisoning of the site by-products has been reported
for example on MOF catalysts®’

Comparison to past experimental studies on TiO> systems

Thermal reactivity studies of DMMP on TiO2 were previously done by Panayotov, Yates, and
Zhou. Panayotov and Yates worked on FTIR of DMMP decomposition on Degussa sample.
Unsurprisingly, our work does not fully agree with the result done on the Degussa TiO2 powder
sample. IR spectroscopy by Yates suggests that P-OCHs bond cleavage is facile at 214 K, and at
around 468 K second P-OCHs bond dissociation is observed.® This was expected and we argue
that the P-OCHs bond cleavage seen by Yates et. al. is due to the fact that their sample is
hydroxylated whereas ours is in UHV condition. However, our results agree with both works
where they did not observe P-CH3z bond cleavage before P-OCH3 bond cleavage. The stable, final
PO3CHs intermediate after full decomposition corroborates the findings of Panayotov et. al. using
XPS and FTIR, showing that the P-CH3 bond is intact up to 800K.'®® Few accounts on DMMP
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decomposition on metal oxides such as Al.Oz and MOF suggest that surface hydroxyl promote the
P-OCH; bond dissociation.5%6768.70

On the other hand, XPS, Principal Component Analysis (PCA), and TPD by Zhou et. al. on r-
TiO2(110) in UHV condition corroborates our results better.2%> Zhou reported intact P-OCHj at
room temperature, possibly coming from molecularly adsorbed DMMP. Similar to our TPD
results, Zhou saw molecular desorption of DMMP up to 550 K. However, no methanol and
formaldehyde production was observed, instead, methane and hydrogen are the primary products
under 700 K, with phosphor containing residues stay on the surface even after heating up to 1000K.
XPS and PCA analysis suggest that the P-OCH3 bond cannot be broken before the P-CHz bond
and suggest that dissociative adsorption via the P-CHs bond is a possible pathway. However, this
work did not consider dissociation initiated via O-CHsz bond cleavage to transfer a methyl on
surface bridging oxygen. Additionally, Zhou did not confirm the existence of defects on their
surface sample. Our work agreed that P-OCH3 bond cleavage is difficult and suggest a new
possible pathway that is kinetically accessible.

3.2.7. Conclusion

In this work, we have performed DFT calculations and TPD experiments on thermal DMMP
decomposition on both pristine and defect surfaces of TiO2 (110). Molecular adsorption on pristine
surface happens via P=0 group interaction with Tisc and additional methoxy interaction with the
surface. On the defect surface, DMMP adsorbs similarly with P=0 occupying the vacancy site.
Our reaction pathway search reveals that the O-CHs bond is a viable pathway for DMMP
decomposition on the pristine surface. We also reveal that oxygen vacancy helps reduce the energy
barrier for initial P-OCHs breaking to initiate DMMP decomposition. Kinetic rate constant
approximation suggests that these reactions may start at a high temperature around 600 K.
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3.3. Part 3: Comparison of DMMP and Sarin chemistries on pristine and defective r-
TiO2(110) on selected pathways
This section compares the decomposition of DMMP and Sarin on selected pathways in order to
probe whether DMMP is a sufficient simulant in describing the chemical behavior of sarin. For
readability purposes during comparison with DMMP, the bond between the phosphor center of
sarin and its alkoxy group will be denoted as P-Oaio. This work presents key decomposition
pathways such as the P-Oaio, P-F, and O-C bond cleavage on both pristine and defective surfaces.

3.3.1. Computational Set-up
This work uses the same computational setup as section 3.2.
3.3.2. Sarin decomposition pathway on pristine r-TiO2(110)
3.3.2.1.  Sarin adsorption modes on the pristine surface

DFT calculations showed four stable adsorption geometries of Sarin on pristine TiO2(110). Two
geometries (Figure 25, geometry A and B) are somewhat analogous to the most stable molecular
DMMP adsorption state. In both cases, sarin adsorbs via the oxygen of P=0 group interaction with
surface titanium, alongside with added stabilizing interaction via either fluorine (adsorption energy
of -1.94 eV) or alkoxy (adsorption energy of -1.92 eV) interacting with neighboring Ti. Due to the
size of the alkoxy group of sarin, there is always a van der Waals interaction with the surface even
when sarin adsorbs only via P=O-Ti bond (adsorption energy of -1.80 eV). The unigque adsorption
mode of sarin involves interaction between fluorine and surface Ti, with additional interaction of
alkoxy (adsorption energy of -1.13 eV). This is analogous to DMMP adsorbing via the interaction
of two methoxys with the surface.

Figure 36 Most stable molecular sarin adsorption geometries
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3.3.2.2.  P-O and P-F bond cleavage initiated path

As described in the previous sections, the P-O bond cleavage in the case of DMMP is equivalent
to two types of bond cleavage in sarin: namely the P-F and the P-Oao bonds. To mimic the
decomposition initiated via P-O bond cleavage in the case of DMMP, we start the decomposition
of sarin from molecular adsorption geometry A (figure 26) for P-F bond cleavage-initiated
decomposition and molecular adsorption geometry B for P-Oalko bond cleavage-initiated
decomposition.

Starting from molecular adsorption geometry A, where alkoxy is interacting with surface Ti, the
barrier to cleave the P-Oaio bond is extremely uphill at 2.27 eV (fig. 37). This is as expected and
very much similar in the case of DMMP where the first P-O bond cleavage must overcome a
barrier of 2.18 eV. P-Oaixo bond cleavage yields intermediate S2, which is more stable by 0.64 eV
from the adsorbed state. Subsequent P-F bond cleavage is thermodynamically uphill by 0.66 eV
from intermediate S2, with a barrier of 1.49 eV.

0.35

S 31

0 i PO
0.0 1 \ :' cleavage "‘

i \
H \

TS2
! PF
{ cleavage \

-1.0

Energy / eV

-1.5 1

i ! \
-1.92 | ' H \ -9
' !
2.0 S1 i ‘;’ S3
- ]

51 AA’:)
3Ll

Figure 37 Sarin decomposition on pristine TiO2(110), following the P-O bond cleavage
initiated pathway.
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If we instead initiate the decomposition with P-F bond cleavage (starting from molecularly
adsorbed geometry B), the barrier to cleave P-F bond is somewhat less than those of P-Oalko, at
1.78 eV. Figure 38 shows the decomposition pathway initiated via P-F bond cleavage. P-F bond
cleavage yields intermediate (fig 38, S2) that is 0.96 eV more stable than the adsorbed geometry.
It seems that both P-Oaiko and P-F bond cleavage is thermodynamically very stable, similar to P-O
bond cleavage in DMMP. Subsequent P-Oako bond cleavage is however more difficult in
comparison to subsequent P-F bond cleavage. The barrier for this P-Oalko cleavage from S2 is
1.67 eV. The fully decomposed phosphor-containing residue is less stable by 0.66 eV from S2,
although its stability is comparable to the molecular adsorption state. The two pathways have

55



consistently shown that it is easier to cleave the P-F bond than to cleave the P-Oako bond. The
stability of intermediates is somewhat comparable to the case of DMMP, as both pathways initiated
with P-F and P-Oaiko bond cleavage exhibit a similar pathway to the case of DMMP if compared
qualitatively with the first decomposition step having a barrier of around 2 eV, and second
decomposition step having a barrier of around 1.5 eV.
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Figure 38 Sarin decomposition on pristine TiO2(110) initiated with P-F bond cleavage.
3.3.2.3.  Oalko-C bond cleavage initiated path

After having a general idea of how well P-F bond and P-Oaiko bond cleavage barriers compare to
P-O bond cleavage in the case of DMMP, we explored the ability of surface oxygen to activate the
Oaliko-C bond as well. Oaio-C bond cleavage can only be cleaved from geometry A (Fig. 25). This
is analogous to DMMP’s Oy -Ciy bond. The barrier to cleave this bond is 1.17 eV. This is very
close to the barrier to cleave the On-Ciii bond in DMMP which stands at 1.2 eV. Oalko-C bond
cleavage results in an intermediate that is more stable by 0.29 eV. This is equal to the case of
DMMP where the Oni-Cii brings the system downhill by 0.29 eV as well. We conclude that the
bond strength and the ability of the surface to activate the O-C bond for sarin and DMMP are
almost identical. Figure 28 depicts these bond cleavage steps.
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Figure 39 O-C bond cleavage on molecularly adsorbed sarin on pristine TiO2 (110).
3.3.3. Sarin decomposition pathway on defective r-TiO2(110)

Lastly, we probe the effect of surface defects, mainly oxygen vacancy towards the activation of
P-F and P-Oaiko bonds. As described in section 3.2, surface oxygen vacancy may help the
activation of P-OCHjs bond cleavage in the case of DMMP. Here we perform similar calculations
on sarin to see if sarin may exhibit similar behavior.

3.3.3.1.  Sarin adsorption modes on the defective surface

DFT calculations found 4 stable adsorption modes of sarin on defective TiO2(110) surface. In all
four cases, sarin interacts with the surface via the P=0 group filling the surface oxygen vacancy.
Figure 29 shows the four molecular adsorption geometries, named Defect A, B, C, and D. Defect
A configuration involves only P=0O bond occupying the oxygen vacancy, with adsorption energy
of -2.00 eV. Additional interaction between F-Ti (Defect B) sees a decrease in adsorption energy
to -1.95 eV. In geometry defect C additional stabilization occurs via van der Waals interaction
between the alkoxy and surface titania row with an adsorption energy of -2.13 eV. The most stable
sarin adsorption geometry, defect D, is very much analogous to the best adsorption geometry of
DMMP on the defective surface where there is an interaction between the oxygen of alkoxy and
surface Ti*. This final and best geometry yields adsorption energy of 2.2 eV. Overall, the
additional interaction stemming from alkoxy with surface stabilizes the system, whereas the
interaction between fluorine and surface destabilizes the system. Fluorine does not want to form
close interaction with surface Tisc.

Subsequent decomposition from molecular adsorption follows geometry defect D for P-O cleavage
and geometry B for P-F cleavage.
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Figure 40 Stable molecular adsorption of sarin on defectlve T|02(110) surface.
3.3.3.2.  P-O and P-F bond cleavage initiated path

Similar to the case of DMMP decomposition, following the P-Oako bond cleavage sarin could
conform to two possible intermediates, one in which the fluorine group of sarin facing towards
(‘up’ pathway) or away (‘down’ pathway) from surface isopropoxy. In any case, P-Oao bond
cleavage has barriers of 1.16 eV (for TS1 up) and 1.05 eV (for TS1 down) respectively. These
barriers are lower in comparison to the barriers to cleave P-O bond in the case of DMMP which
requires energies of 1.41 and 1.47 eV. We postulate that this is due to the size difference between
fluorine (on sarin) and methoxy (on DMMP), which reduces any hindrance during the bond
cleaving process. P-Oalko bond cleavage yields intermediate S1 up (F facing towards isopropoxy)
and S1 down (F facing away from isopropoxy) with comparable energies with the molecularly
adsorbed sarin (S1). The energies are 2.1 and 2.24 eV respectively. Qualitative-wise this step is
very similar to the case of DMMP whereupon P-O bond cleavage, the resulting intermediates have
similar stability with the molecularly adsorbed DMMP state.

Subsequent P-F bond cleavage yields intermediate S2, leaving a residue of PO3CH3 species on the
surface. Transferring F either on the same or different row from the previously adsorbed
isopropoxy does not result in a significant difference in energy (-2.08 and -2.1 eV for F and
isopropoxy on the same and different row, respectively). In the case of DMMP, however, the
isomer where the two methoxys are adsorbed beside each other is slightly less stable by 0.21 eV
in comparison when the two methoxys are adsorbed on different Ti rows.
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Figure 41 Decomposition pathway of Sarin on defective TiO2(110) initiated via P-Oaiko bond
cleavage.

Finally, we also tried to see the possibility to cleave the P-F bond from molecularly adsorbed sarin
namely geometry defect B (fig. 29). We have tried to bring fluorine closer to Tisc prior to
optimization, with a result of fluorine actually moving away from the surface post-optimization.
At this point, a pathway seems to be difficult, though not impossible. We performed a small
thermodynamic analysis and found that the intermediate after P-F bond cleavage with phosphor
center re-establishing tetrahedral coordination with neighboring bridging oxygen is more stable by
a whopping 0.79 eV, in comparison to P-Oake bond cleavage which only brings down the energy
of the system by only 0.04 eV. This is particularly interesting as DMMP lacks the fluorine bond
(replaced with methoxy instead), and thus may not be able to simulate this part of sarin chemistry
very well.
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Figure 42 Thermodynamic analysis of P-F bond cleavage of Sarin on the defective surface.

If we compare the feasibility of P-F bond cleavage of sarin on both pristine and defective surfaces,
there has been a tendency for P-F bond cleavage to have a lower barrier, and additionally resulting
in more stable intermediates in comparison to P-Oako bond cleavage. Meanwhile, DMMP only
qualitatively resembles the chemistry of P-Oao bond cleavage as it lacks any cyanide group.

3.3.4. Conclusion

On the pristine surface, screening of sarin adsorption modes on r-TiO2(110) yields two structures
that closely resemble DMMP’s best adsorption mode. Sarin interacts via its oxo constituent (P=0)
and surface Tisc with additional interaction either from its fluoride or alkoxy group with
neighboring surface Tisc. P-F and P-Oaixo bond cleavage both have high barriers with the P-F bond
being slightly lower. O-C bond cleavage is still the kinetically accessible pathway.

On the defective surface, most stable sarin adsorption is still analogous to DMMP’s chemistry;
sarin adsorbing via oxo substituent (P=0) filling in the oxygen vacancy site with the alkoxy
substituent (O-i-Pr) interacting with nearby Tisc. Interestingly, fluorine does not prefer to interact
with surface Tisc. Decomposition via P-Oaikoe bond cleavage in the case of sarin is almost identical
to the case of DMMP.P-F bond cleavage to have a slightly lower barrier in comparison to both P-
Oaiko bond cleavage. Lastly, despite fluorine not preferring to interact with surface Tisc,
thermodynamic analysis shows that P-F bond cleavage yield to dramatically more stable
intermediate. This indicates a slight difference between the chemistry of DMMP and sarin. To
conclude, we found that DMMP and sarin resemble similar adsorption and decomposition
characteristic when it is initialized via P-Oaixo 0r O-C bond cleavage. P-F bond cleavage may yield
interesting chemistry of sarin that is of interest for future studies.

60



4. Final Conclusions & Closing Remarks

This thesis aims to elucidate the reason behind the different reactivity of DMMP across different
metal oxides. In part one, DFT, XPS, and STM were used to elucidate three decomposition
pathways of DMMP on hematite supported iron oxide thin films (Fe304(111)/Fe;O3(0001)). We
discovered the vital role of the mobility of Lewis basic oxygen from the interface between bulk
Fe>03(0001) and surface Fes04(111) film toward the surface, to help to stabilize the remaining
phosphorus-containing intermediates during decomposition. This process initiates the formation
of dimethyl ether (DME) that is unique to the case of iron oxide. Other gas phase products:
methanol and formaldehyde, are resulting from the activation of surface methoxy species coming
from the P-O bond cleavage of DMMP.

In part two, we elucidate the pathways, reaction barriers, and kinetics of the DMMP decomposition
on pristine and defective r-TiO2 (110). In contrast to Fes04(111), TPD measurements showed that
no DME is being produced, with only the formation of small amounts of methanol and
formaldehyde. Compared to iron oxide, the reactivity of DMMP on TiO2(110) is low, although
titania serves as an excellent surface to trap both molecular DMMP and its decomposition
products. Dissociation on the pristine surface is initiated via O-CHz bond cleavage, though
kinetically feasible at high temperatures only. Oxygen vacancies help lower the barrier of the P-
OCHj3 bond cleavage and may serve as active sites.

Lastly, in part 3, we investigate selected decomposition pathways of sarin on r-TiO2(110) to probe
the appropriateness of DMMP as its simulant. On pristine and defective surfaces, we found that
sarin behaves almost identical to DMMP, exhibiting high barrier to cleave both P-F and P-Oaiko
bonds. However, calculations show that the P-F bond is somewhat weaker and easier to break in
comparison to the P-Oako bond. Thermodynamic studies of P-F bond cleavage show that the
intermediate is greatly stabilized upon transfer of F towards surface Ti. This is an indication that
sarin decomposition may be more facile than DMMP due to the different bond strength between
P-O and P-F bond. Despite this minor difference, we conclude that DMMP is an adequate simulant
as its major decomposition pathways qualitatively exhibit similar features as sarin.

Theoretical studies can play an important role in helping us understand the underlying process
seen in experimental results. Possible future works would be to extend the knowledge we have on
the interaction between CWA and metal oxide on the molecular level by start adding catalytic
species that can enhance the reactivity of the surface. One of the key goals that can be used as a
starting parameter to design such catalytic species is to find a supported catalyst that can stabilize
active surface oxygen to help lower the high bond activation barrier for oxidative decomposition.
For example, the utilization of nanoparticles or single-atom catalysts added on metal oxides is an
exciting solution that should be considered. Sub-nanoparticle metals are known to undergo
rearrangements under gas exposure, which may form interesting peroxo-states that are reactive for
decomposition. Theoretical studies may be used to overcome the challenge to characterize such
nanoparticle stability reactive conditions.® Additionally, such dopants should be considered
together with defects as well as these have been shown to present important impacts on the stability
of chemisorbed DMMP. As a final remark, theoretical studies may give experimentalist guidance
on what to look for when designing a combination of good dopant and metal oxide.
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